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PREFACE 
The IIASA Working Paper entitled The Chemical-Ecological 
Modeling of Acquatic Nitrogen Compound Transformation Processes 
(WP-80-86) described mathematical models of nitrogen transfor- 
mations which may be used for studying aerobic nitrogen cycling 
in different water environments. The possibilities of applying 
nitrogen models in experiments with sewage, river, lake and sea 
water samples were examined. This paper gives experimental data 
on nitrogen transformations in water withdrawn from Slnava Reser- 
voir in Czechoslovakia. It also briefly reports on the nitrogen 
model which describes the bacterial conversion of nitrogen forms 
and is an example of the application of this model in the analysis 
of nitrogen transformation observed in experiments. The analysis 
of experimental data is considered essential to the identification 
of rate coefficients and it is assumed that it is quite important 
to perform this step of model examination before the model is 
applied in a simulation study of nitrogen transformation in a 
water body, under natural conditions. 
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ABSTRACT 
Two main t r a n s f o r m a t i o n s  occu r  i n  w a t e r  environments--one 
due t o  t h e  e f f e c t  o f  microorganisms and t h e  o t h e r  due t o  
chemical  r e a c t i o n s .  Both t r a n s f o r m a t i o n s  a r e  v e r y  c l o s e l y  
in terwoven.  Of t h e  t r a n s f o r m a t i o n  p r o c e s s e s  i n  t h e  w a t e r  
environment,  n i t r o g e n  t r a n s f o r m a t i o n  i s  perhaps  t h e  most 
i n t e r e s t i n g  because  n i t r o g e n  and i t s  compounds (bo th  o r g a n i c  
and m i n e r a l ) ,  a f f e c t  t h e  development o f  p r a c t i c a l l y  a l l  a q u a t i c  
microorgamisms and t h e r e f o r e  de te rmine  t h e  t r o p h i c  s t a t e  and t h e  
q u a l i t y  of  a  wa te r  environment .  Ni t rogen  compounds a r e  p r e s e n t  
i n  sewage and o t h e r  was t e  w a t e r  d i s c h a r g e d  i n t o  w a t e r  bod ie s .  
The re fo re ,  it i s  q u i t e  unde r s t andab le  why d u r i n g  t h e  l a s t  few 
y e a r s  n i t r o g e n  t r a n s f o r m a t i o n  i s  t h e  s u b j e c t  o f  s t u d y  a t  d e s c r i p t i v e  
and expe r imen ta l  l e v e l s ,  a s  w e l l  a s  by mathemat ical  modeling 
t echn iques .  Th i s  p a p e r  r e p o r t s  on t h e  r e s u l t s  o f  a  c o l l a b o r a t i v e  
s t u d y  between IIASA and t h e  I n s t i t u t e  o f  Exper imental  Biology 
and Ecology o f  t h e  Slovak Academy o f  Sc i ences  i n  B r a t i s l a v a ,  on 
n i t r o g e n  t r a n s f o r m a t i o n s .  The d a t a  o f  twe lve  exper iments  cove r ing  
a broad se t  o f  i n i t i a l  c o n d i t i o n s  i n  n i t r o g e n  c o n c e n t r a t i o n s  
and a t  two tempera tures  (18O C and 12O C) a r e  p r e s e n t e d  i n  t h i s  
r e p o r t .  These expe r imen ta l  d a t a  w e r e  ana lyzed  w i t h  t h e  h e l p  of  
t h e  mathemat ical  model developed a t  I I A S A  (WP-80-86) and in t ended  
f o r  unders tanding  p r o c e s s e s  o f  n i t r o g e n  t r a n s f o r m a t i o n  i n  wa te r  
environments.  The r e s u l t s  o f  model d e s c r i p t i o n  of  n i t r o g e n  
compound dynamics are e v a l u a t e d  by s t a t i s t i c s  t o  f i n d  a 
q u a n t i t a t i v e  c r i te r ia  i n  model assessment .  I n  t h e  d i s c u s s i o n  of  
s i m u l a t i o n  r e s u l t s ,  a t t e n t i o n  w a s  focused on t h e  a n a l y s i s  o f  
b a c t e r i a l  a c t i v i t i e s  i n  t h e  convers ion  o f  o r g a n i c  a s  w e l l  as 
minera l  n i t r o g e n  forms. The r e s u l t s  r e p o r t e d  h e r e  a r e  cons ide red  
t o  be  t h e  b a s i s  f o r  t h e  s i m u l a t i o n  of  n i t r o g e n  dynamics i n  water 
bod ie s  and f o r  s t u d y i n g  v a r i o u s  a s p e c t s  o f  ecology and a q u a t i c  
ecosys  tern behavior .  
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THE STUDY OF NITROGEN TRANSFORMATION 
I N  FRESH WATER: EXPERIMENTS AND 
MATHEMATICAL MODELING 
A.V. Leonov and D. Toth 
INTRODUCTION 
The problem of water  q u a l i t y  i s  one of  t h e  most impor tan t  
f o r  water  r e sources  management w i t h i n  Czechoslovakia because of 
t h e  p o t e n t i a l  water  shor t age  i n  this count ry .  The r i v e r  Danube 
and i t s  t r i b u t a r i e s ,  such a s  t h e  ~ g h ,  Morava, Hron and I p e l  ', 
a r e  t h e  b a s i c  water  supply sources  i n  Czechoslovakia.  From t h e  
water  management p o i n t  of view, t h e  most impor tan t  r i v e r  o f  the 
Slovakian p a r t  o f  the country i s  t h e  River ~ g h .  Its l eng th  i s  
about  435 km, t h e  d i f f e r e n c e  i n  a l t i t u d e  between i t s  source  and 
t h e  p o i n t  it e n t e r s  t h e  Danube i s  556 m. The watershed a r e a  of  
2 t h e  River Vdh i s  1160 1 km . One o f  t h e  l a r g e s t  water  r e s e r v o i r s ,  
2 
named Slanava r e s e r v o i r ,  w i th  an a r e a  of  4 . 3  km , was cons t ruc ted  
on t h e  River ~ g h ,  i n  o r d e r  t o  m e e t  t h e  growing water  demands 
w i t h i n  Slovakia .  A t  p r e s e n t ,  t h e  water  from t h e  r i v e r  V6h i s  
used f o r  e l e c t r i c i t y  product ion ,  f o r  i n d u s t r y  a s  w e l l  a s  f o r  
a g r i c u l t u r e .  With r e s p e c t  t o  water  q u a l i t y ,  only a l i m i t e d  
s e c t i o n  of  t h e  r i v e r  a t  t h e  upper p a r t  o f  t h e  V6h watershed-- 
up t o  Liptovsk? ~ i k u l ~ g - - i s  s u i t a b l e  f o r  suppor t ing  f i s h .  More 
than 9 0  sources  o f  p o l l u t i o n  of t h e  r i v e r  v6h watershed a r e a  
have been i d e n t i f i e d .  The chemical ,  l e a t h e r  and wood i n d u s t r i e s  
a r e  t h e  main sou rces  of  o r g a n i c  p o l l u t i o n .  The c e l l u l o s e  p l a n t s  
'4 
i n  ~ugomberok,  Mart in  and X i l i n a ,  t h e  chemical  complex i n  S a l a  
and t h e  l e a t h e r  p l a n t  i n  Liptovsk? ~ u k u l 6 ;  a r e  t h e  key sou rces  
of p o l l u t i o n .  A g r e a t  number of  p o l l u t a n t s  come from t h e  food 
v 
i n d u s t r y ,  e s p e c i a l l y  from t h e  p l a n t s  i n  Leopoldov, Trencin,  
~ l ~ d k o v i ~ o v o ,  Trnava, Boler6z and Chynorany. The c o a l  mines i n  
V 
Handlovg and ~ o v s k y ,  and t h e  founda r i e s  i n  S i rok6 ,  I s t e b n 6  and 
sere; d i scha rge  i n s o l u b l e  m a t e r i a l .  Extens ive  s e t t l e m e n t  around 
t h e  r i v e r  a l s o  c o n t r i b u t e s  t o  t h e  p o l l u t i o n ,  by way of  municipal  
o r  communal waters. A c o n s i d e r a b l e  s h a r e  of  t h e  p o l l u t i o n  
r e s u l t s  from d i v e r s e  a g r i c u l t u r a l  a c t i v i t i e s ,  which i n c l u d e  t h e  
s t o r a g e  o f  chemical  subs t ances ,  and t h e  s e r v i c e  and maintenance 
a c t i v i t y  connected w i t h  a g r i c u l t u r e .  
Among t!!e p o l l u t a n t s  of  wa te r  bod ie s  w i t h i n  Czechoslovakia,  
t h e  r o l e  o f  n i t r o g e n  compounds, o rgan ic  a s  w e l l  as minera l ,  i s  
recognized a s  be ing  q u i t e  impor tan t .  It  i s  e s t i m a t e d  t h a t  t h e  
i n p u t  o f  n i t r o g e n  compounds from t h e  watershed a r e a  t o  t h e  r i v e r  
vsh exceeds t h e  phosphorus i n p u t  by more than 10 t imes  (Annual 
Report ,  1 9 8 0 ) .  I n  many c a s e s ,  t h e  presence  of n i t r o g e n  compounds, 
from d i f f e r e n t  sou rces  determine t h e  l e v e l s  and s t a t e  o f  wa te r  
q u a l i t y ,  because t h e  c o n c e n t r a t i o n s  of  t h e  main n i t r o g e n  compounds 
i n f l u e n c e  t h e  development of p r a c t i c a l l y  a l l  forms of l i f e  i n  
t h e  wa te r  environment and have a s i g n i f i c a n t  e f f e c t  on t h e  
oxygen ba lance  w i t h i n  t h e  water body. 
I n  t h e  p a s t  decade,  t h e  f a t e  of n i t rogenous  compounds i n  
t h e  wa te r ,  as w e l l  a s  i t s  r o l e  i n  t h e  behavior  of  t h e  water-  
e c o l o g i c a l  systems,  h a s  been s t u d i e d  by many s c i e n t i s t s  
(Brezon ik ,  1972, 1973; Keeney, 1972; H a r r i s o n ,  1 9 7 4 ) .  C u r r e n t l y ,  
t h e  a v a i l a b l e  knowledge on n i t r o g e n  t r a n s f o r m a t i o n  i n  water 
env i ronments  and water b o d i e s  i s  used  f o r  t h e  s t u d y  o f  i m p o r t a n t  
problems,  such as p o l l u t i o n  o f  t h e  water body,  i t s  s e l f - p u r i f i c a t i o n ,  
p r imary  p r o d u c t i o n  and e u t r o p h i c a t i o n ,  i t s  e c o l o g i c a l  s ta te  and 
t h e  s i g n i f i c a n c e  o f  water microorganisms i n  t h e  t u r n o v e r ,  
m i n e r a l i z a t i o n  and c o n v e r s i o n  o f  t h e  compounds o f  d i f f e r e n t  
o r i g i n .  I n  t h e  p a s t  few y e a r s ,  m a t h e m a t i c a l  model ing  h a s  been  
wide ly  used  f o r  t h e  s t u d y  o f  t h e s e  l i m n o l o g i c a l  problems.  
Examples o f  a p p l y i n g  models t o  s o l v e  water q u a l i t y  problems 
on the b a s i s  o f  n i t r o g e n  t r a n s f o r m a t i o n s  s t u d i e s ,  have  been  
g i v e n  by Thomann e t  a l . ,  (19711, Anderson e t  a l . ,  ( 1 9 7 6 ) ,  
N a j a r i a n  and Harleman ( 1 9 7 7 ) ,  Shima e t  a l . ,  ( 1 9 7 8 ) ,  Knowles 
and Wakeford ( 1 9 7 8 ) ,  C a s a p i e r i  e t  a l . ,  ( 1 9 7 8 ) ,  and Beck ( 1 9 7 9 ) .  
The e x t e n t  o f  d e t a i l  i n  t h e  n i t r o g e n  t r a n s f o r m a t i o n  p r o c e s s e s  
modeled, is  d e f i n e d  by the o b j e c t i v e s  of  t h e  s t u d y ,  as w e l l  
as by d i f f e r e n t  r e s e a r c h  a p p r o a c h e s .  
I t  must b e  n o t e d  t h a t  many of t h e  i m p o r t a n t  q u e s t i o n s  
r e l a t e d  to  t h e  s p e c i f i c i t y  o f  n i t r o g e n  t r a n s f o r m a t i o n  i n  t h e  
water b o d i e s  a r e  s t i l l  i n s u f f i c i e n t l y  s t u d i e d .  A s  a r u l e ,  
t h e  p u r p o s e s  o f  s t u d y i n g  and model ing  t h e  compound t r a n s f o r m a -  
t i o n s ,  and p a r t i c u l a r l y  n i t r o g e n  t r a n s f o r m a t i o n  i n  water b o d i e s ,  
r e q u i r e s  i n t e r d i s c i p l i n a r y  e f f o r t s  and a  wide v a r i e t y  o f  
e x p e r i m e n t a l  s t u d i e s .  Problems such  as n u t r i e n t  a v a i l a b i l i t y  
f o r  t h e  d i f f e r e n t  t y p e s  o f  microorganisms,  t h e  c o n t e n t s  o f  
growth- l imi  t i n g  n u t r i e n t s ,  and t h e  s p e c i f i c i t y  o f  n i t r o g e n  
c y c l i n g  due  t o  a  v a r i e t y  o f  microorganism s p e c i e s  i n  t h e  d i f f e r e n t  
e n v i r o n m e n t a l  c o n d i t i o n s  remain  t o  b e  e l u c i d a t e d  (Keeney, 1972) . 
Nitrogen t r a n s f o r m a t i o n  i n  w a t e r  ha s  l o n g  i n t e r e s t e d  
b i o l o g i s t s  and chemis t s ;  it might be a s s e s s e d  i n  d i f f e r e n t  ways 
b u t  it seems r ea sonab le  t o  c l a im  t h a t  it i s  d e f i n e d  by complex 
i n t e r r e l a t i o n s h i p s  between chemical  and b i o l o g i c a l  compounds 
and r e g u l a t e d  by p h y s i c a l  f a c t o r s .  Among a l l  t h e  p r o c e s s e s  
i n v o l v i n g  the t r a n s f o r m a t i o n s  o f  n i t r o g e n  compounds, t h e  
m i c r o b i o l o g i c a l  decomposi t ion o f  n i t rogenous  m a t t e r  t a k e s  
p r i o r i t y  when s t u d y i n g  q u e s t i o n s  o f  w a t e r  q u a l i t y  and p a r t i c u l a r l y  
t h e  s e l f - p u r i f i c a t i o n  a b i l i t y  o f  w a t e r  environments .  Th i s  
p a r t i c u l a r  p r o c e s s ,  and t h e  complete n i t r o g e n  c y c l e ,  have been 
s t u d i e d  i n  expe r imen ta l  sys tems (Brand e t  a l . ,  1937; Brand and 
Rakestraw, 1941; V o t i n t s e v ,  1948; Golterman, 1960; Knowles e t  a l . ,  1965; 
D e  Marco e t  a l . ,  1967) .  To have t h e  p o s s i b i l i t y  o f  an  e f f e c t i v e  
c o n t r o l  o f  w a t e r  q u a l i t y ,  based on t h e  n i t r o g e n  o x i d a t i v e  
t r a n s f o r m a t i o n s ,  it i s  neces sa ry  t o  know t o  which degree  t h e  
s t u d i e d  water body i s  degraded and t o  c o n s i d e r  f a c t o r s  a f f e c t i n g  
changes o f  c o n c e n t r a t i o n s  o f  the i n d i v i d u a l  n i t r o g e n .  One o f  
t h e  most impor t an t  t a s k s ,  i s  t h e r e f o r e  t h e  s t u d y  of  t h o s e  
microorganisms invo lved  i n  t h e  p r o c e s s  o f  t r ans fo rming  s u b s t a n c e s  
( m a t t e r )  and energy w i t h i n  a  w a t e r  environment.  To s o l v e  t h e s e  
problems it i s  neces sa ry  t o  u t i l i z e  an approach combining 
expe r imen ta l  s t u d i e s  and mathemat ical  modeling. Thus t h e  
d e s c r i p t i o n  and a n a l y s i s  of t h e  n i t r o g e n  t r a n s f o r m a t i o n s  observed  
i n  exper iments  by means o f  a  mathemat ical  model i s  cons ide red  
an impor t an t  s t e p  i n  improving t h e  unders tand ing  of  complex 
o x i d a t i o n  p r o c e s s e s  o c c u r i n g  under a  broad set  of  env i ronmenta l  
c o n d i t i o n s .  
The o b j e c t i v e  o f  t h e  s t u d y  d e s c r i b e d  i n  t h i s  r e p o r t  i s  t o  
e s t i m a t e  e x p e r i m e n t a l l y  t h e  i n t e n s i t y  o f  m i c r o b i o l o g i c a l  t r a n s f o r -  
mat ions  o f  n i t r o g e n  compounds i n  w a t e r  samples  from R e s e r v o i r  
S lanava ,  a n  i m p o r t a n t  water s o u r c e  i n  S l o v a k i a ,  and t o  a n a l y z e  
t h e  e x p e r i m e n t a l  d a t a  by a mathemat ica l  model d e s c r i b i n g  t h e  
n i t r o g e n  o x i d a t i o n  p r o c e s s .  
A n a l y t i c a l  P rocedure  
The w a t e r  samples  used i n  a l l  o f  o u r  expe r imen t s  were  t aken  
from S lnava  R e s e r v o i r  on  t h e  r i v e r  ~ g h  n e a r  t h e  town o f  pie:tany 
( F i g u r e  1  ) . The r e s e r v o i r  i s  s i t u a t e d  a t  r i v e r  km 94.3. The 
l e n g t h  o f  t h e  r e s e r v o i r  i s  approx imate ly  6 km and t h e  maximum 
w i d t h  1.8 km. The volume o f  t h e  r e s e r v o i r  i s  12.3. l o 6  m3 and 
2  t h e  w a t e r shed  a r e a  above t h e  r e s e r v o i r  i s  10.1.10 km . The 
sampl ing  program took  p l a c e  i n  Oc tober  ( 1979 ) ,  and February  and 
A p r i l  (1980) .The w a t e r  w a s  t a k e n  from d e p t h s  o f  0-3 m o f  t h e  
r e s e r v o i r  n e a r  t h e  s h o r e ,  a s  i n d i c a t e d  i n  F i g u r e  1; sampl ing 
w a s  c a r r i e d  o u t  w i t h  a F r i e d i n g e r  sample r  and t h e  samples  were 
subsequentlytransferredto a l a b o r a t o r y .  Amounts o f  20 l i t r e  
a l i q u o t s  o f  t h e  w a t e r  were d i s t r i b u t e d  i n t o  a q u a r i a  equ ipped  
w i t h  a e r a t o r s .  A l l  t h e  a q u a r i a  were p l a c e d  i n  da rk  c o n d i t i o n s ,  
t h r e e  a t  18OC and t h r e e  a t  1 2 O ~ .  To two a q u a r i a  a t  e a c h  
t e m p e r a tu r e ,  ammonium, n i t r i t e  and n i t r a t e  were added i n  t h e  
same p r o p o r t i o n s  a s  de te rmined  i n  t h e  o r i g i n a l  w a t e r  sample.  
The t h i r d  aquarium a t  each  t empe ra tu r e  w a s  main t a ined  w i t h o u t  
a d d i t i o n  o f  n i t r o g e n  compounds and s e r v e d  a s  t h e  c o n t r o l .  A t  
a b o u t  weekly i n t e r v a l s ,  a l i q u o t s  o f  water were t aken  from t h e  
a q u a r i a  f o r  chemica l  a n a l y s i s  a s  d e s c r i b e d  below. 
1 :200 000 
Land Gridgc 
Figure  1 .  Map of  t h e  Slnava Reservoi r  v i c i n i t y ;  t h e  
sampling p o i n t  i s  i n d i c a t e d  by ( * )  
The water  samples w e r e  handled a s  fol lows:  ( a )  wi thout  
t r ea tmen t  and (b )  f i l t e r e d  through a  Synpor membrane f i l t e r  f o r  
de te rmina t ion  of n i t r o g e n  compound c o n c e n t r a t i o n s  by t h e  methods 
mentioned a s  fol lows:  
+ ( 1 ) Ammonium-nitrogen (NH4-N)  : 
For de te rmina t ion  o f  ammonium concen t ra t ion  t h e  c o l o r i m e t r i c  
Nessler method was used. To avoid va r ious  types  of i n t e r f e r e n c e  
the ammonium was p r e d i s t i l l e d  from an a l k a l i n e  wa te r  sample and 
then t r e a t e d  wi th  K2Hg14 i n  a l k a l i n e  s o l u t i o n  producing a  
brownish-yellow complex compound. 
( 2 )  N i t r i t e - n i t r o g e n  (NO;-N) : 
The photometr ic  method of Bendschneider and ~ o b i n s o n  ( 19 52) 
was used f o r  n i t r i t e  de te rmina t ion .  I n  a  s t r o n g l y  a c i d i c  
s o l u t i o n ,  n i t r i t e  r e a c t s  w i th  sulphani lamide producing 
diazocompounds, which wi th  N-(1-naphthy1)-ethylene-dizmine- 
dihydrochlor ide  g i v e s  an i n t e n s e l y  co lo red  azocompound. 
( 3 )  N i t r a t e - n i t r o g e n  (NO;-N) : 
Nitrate-N i s  reduced t o  n i t r i t e  i n  a  s t r o n g l y  a l k a l i n e  
s o l u t i o n  by hydrazine s u l p h a t e  under t h e  c a t a l y t i c  e f f e c t  of  
++ Cu ; t h e  n i t r i t e  i s  then  determined by method of  Bendschneider 
and Robinson ( 19 52) . 
( 4 )  Dissolved Organic Nitrogen (DON) : 
The c o n c e n t r a t i o n  of t h e  d i s s o l v e d  organic-N was determined 
a s  the  d i f f e r e n c e  between t h e  concen t ra t ion  of  n i t r o g e n  forms 
measured by t h e  Kje ldahl  method and t h e  concen t ra t ion  of  
ammonium-N i n  t h e  wa te r  samples when f i l t e r e d  through a  Synpor 
membrane f i l t e r  w i th  po re  diameter  0.4 pm. 
(5 )  T o t a l  Organic  Ni t rogen  (TON)  : 
The c o n c e n t r a t i o n  of t o t a l  organic-N was de te rmined  a s  t h e  
d i f f e r e n c e  between t h e  c o n c e n t r a t i o n s  of  n i t r o g e n  measured by t h e  
K j e l d a h l  method and of ammonium-N i n  t h e  n o n - f i l t e r e d  w a t e r  
samples.  
( 6 )  P a r t i c u l a t e  Organic  Ni t rogen  (PON) : 
The c o n c e n t r a t i o n  o f  p a r t i c u l a t e  organic-N was c a l c u l a t e d  
a s  t h e  d i f f e r e n c e  o f  t h e  t o t a l  organic-N and d i s s o l v e d  organic-N. 
( 7 )  T o t a l  Ni t rogen :  
The c o n c e n t r a t i o n  o f  t o t a l  N was computed a s  t h e  sum of a l l  
t h e  forms o f  n i t r o g e n  compounds. 
Taking i n t o  accoun t  t h e  p o s s i b l e  e r r o r s  i n  p rocedure  o f  
sampl ing w a t e r  from a q u a r i a  due t o  unequal  d i s t r i b u t i o n  o f  
v a r i o u s  n i t r o g e n  forms i n  wa te r  medium and t h e  e r r o r s  connec ted  
w i t h  above mentioned a n a l y t i c a l  methods i n  n i t r o g e n  measurements 
combined w i t h  a r i t h m e t i c  c a l c u l a t i o n s ,  it  i s  assumed t h a t  t h e  
maximal d e v i a t i o n s  from t h e  r e s u l t s  r e c e i v e d  may b e  expec t ed  
+ i n  t h e  range  o f  - 15%. 
Exper imental  R e s u l t s  
The expe r imen ta l  d a t a  on t h e  n i t r o g e n  t r a n s f o r m a t i o n s  a t  
18O C and 12O C i n  t h e  w a t e r  withdrawn from S lana  R e s e r v o i r  
on 24.XI.79, 11.11.80, and 26.1v.80 a r e  shown i n  Tab le s  1-4 .  
The w a t e r  samples  i n  exper iments  1 , 4 , 7  and 10 a t  la0  and 1 2 O  C 
w i t h o u t  t h e  a d d i t i o n  o f  n i t r o g e n  compounds s e r v e d  a s  c o n t r o l s  
f o r  t h e  fo l l owing  a n a l y s i s .  A l l  d a t a  i n  Tab le s  1-4 show t h a t  
t h e r e  i s  a  marked d i f f e r e n c e  bo th  i n  t h e  c o n c e n t r a t i o n s  of  a l l  
t h e  n i t r o g e n  f r a c t i o n s  i n  t h e  w a t e r  samples t aken  from Slnava  
Rese rvo i r  i n  t h e  d i f f e r e n t  months and development o f  n i t r i f i c a t i o n  
under t h e  v a r i o u s  expe r imen ta l  c o n d i t i o n s .  The r e s u l t s  i n  Tables  
1-4 a l l o w  one t o  assume t h a t  t h e  ammonium o x i d a t i o n  r a t e s  a t  
180 C ,  w i t h o u t  any a d d i t i o n  o f  i n o r g a n i c  forms o f  n i t r o g e n  
(exper iments  1 ,  7 ,  and l o ) ,  a r e  dependent  on t h e  t i m e  of sampl ing 
d u r i n g  t h e  y e a r .  These r a t e s  a r e  s l o w e s t  i n  t h e  February  sample 
(exper iment  7 ) ,  when more t han  50% of t h e  i n i t i a l  amount o f  
+ NH4-N s t i l l  remains  i n  t h e  w a t e r  a f t e r  17 days  o f  i n c u b a t i o n .  
On t h e  o t h e r  hand i n  t h e  October  sample (exper iment  1 )  o n l y  
14% o f  ammonium-N w a s  found a f t e r  8  days  o f  i n c u b a t i o n .  
I t  is  g e n e r a l l y  supposed t h a t  t h e r e  is  a  marked c o r r e l a t i o n  
between t h e  ammonium-N d e c r e a s e  and t h e  i n c r e a s e  o f  n i t r i t e - N  
l e v e l s  i n  a l l  exper iments .  However, on t h e  b a s i s  o f  raw 
expe r imen ta l  r e s u l t s  it i s  d i f f i c u l t  t o  s a y  t h a t  t h e r e  a r e  
e q u i v a l e n t  changes  i n  t h e  c o n c e n t r a t i o n s  o f  ammonium-N and 
n i t r i t e - N ,  b u t  it i s  p o s s i b l e  t o  r e c o g n i z e  a  time-dependence 
between d e c r e a s i n g  ammonium-N c o n c e n t r a t i o n s  and i n c r e a s i n g  
n i t r i t e - N  l e v e l s .  
S l i g h t  d i f f e r e n c e s  w e r e  found i n  t h e  expe r imen t s  a s  
a p p a r e n t  i n  t h e  February  sample (exper iment  7 )  when t h e  n i t r i t e - N  
peak was around t h e  9 t h  day;  i n  t h e  A p r i l  sample (exper iment  10) 
t h i s  peak was found a t  t h e  7 t h  day and i n  t h e  October  sample 
(exper iment  1 )  a t  t h e  8 t h  day.  The c o n c e n t r a t i o n  o f  n i t r a t e - N  
approached a  s t e a d y  s t a t e  l e v e l  i n  t h e  October  sample by t h e  
15 th  day of  t h e  exper iment ;  i n  t h e  A p r i l  sample it was a t  t h e  
35th day and i n  February  w a t e r  it obv ious ly  had t o  b e  l a t e r  t h a n  
a t  the 38th day,  i . e .  a f t e r  t h e  end o f  t h e  exper iment .  
The a d d i t i o n  o f  m i n e r a l  forms of  n i t r o g e n  t o  t h e  w a t e r  
samples  used i n  o u r  expe r imen t s  caused o n l y  s l i g h t  changes i n  
t h e  r a t e  o f  t h e  n i t r i f i c a t i o n  p r o c e s s ,  a s  is  shown i n  Table  1  
f o r  Oc tober ,  Table  3  f o r  February  and Table  4 f o r  A p r i l .  
Table  1.  Changes o f  N i t rogen  Compound C o n c e n t r a t i o n s  i n  
mg N / R  a t  180 C f o r  Water Samples from the 














































































































































































































Table  2 .  Changes of  N i t r o g e n  Compound C o n c e n t r a t i o n s  i n  
mg N/I1  a t  12O C f o r  Water Samples from t h e  
S l n a v a  R e s e r v o i r .  Sampling d a t e d  24.X.79. 
t 






N i t r o g e n  
f r a c t i o n s  
0  55 
P e r i o d  
1 3  6  
0 . 7 4  
0 . 6 4  
1 . 3 8  
0 . 1 5  
0 . 0 1 8  
2 . 2 6  
3 . 8 1  
0 . 9 7  
0 . 4 6  
1 . 4 3  
0 . 1 6 2  
0 . 0 2 7  
3 . 0 6  
4 . 6 8  
0 . 6 3  
0 . 7 1  
1 . 3 4  
0 . 1 6 6  
0 . 0 3 3  
2 0 . 6  
2 2 . 1 4  
o f  
20  
0 . 6 0  
1 . 0 2  
1 . 6 2  
0 . 8 6  
1 . 0 9  
0 . 5 8  
4 . 1 5  
0 . 9 4  
1 . 1 0  
2 . 0 4  
1 . 9 6  
1 . 5 9  
1 . 7 5  
7 . 3 4  
1 . 7 9  
2 . 6 1  
4 . 4 0  
1 6 . 2  
2 . 6 4  
4 . 0 3  
0 . 6 4  
0 . 9 4  
1 . 5 8  
1 . 8 2  
0 . 0 6 3  
0 . 0 6 6  
3 . 5 3  
0 . 8 6  
0 . 9 4  
1 . 8 0  
4 . 5 4  
0 . 1 5  
0 . 2 7  
6 . 7 6  
0 . 8 4  
1 . 3 6  
2 . 2 0  
2 7 . 7  
0 . 3 3  
2 . 0 7  
3 2 . 3 0  
4 1  
I n c u b a t i o n  
2 7  






T o t a l N  
0 . 5 5  
1.11 
1 . 6 6  
0 . 1 3 3  
0 , 0 0 4  
2 . 0 2  
3 . 8 2  
0 . 9 4  
2 . 0 8  
3 . 0 4  
0 . 6 1  
0 . 0 1 3  
2 . 2 8  
6 . 1 4  
3 . 8 0  
6 . 3 0  
1 0 . 1  
3 . 6 0  
0 . 2 2 5  
9 . 1 2  
1 . 0 0  
0 . 7 2  
1 . 7 2  
0 . 0 7 8  
0 . 0 2  
2 . 2 5  
4 . 0 7  
1 . 0 9  
0 . 6 8  
1 . 7 7  
0 . 0 6  
0 . 0 0 4  
3 . 0 2  
4 . 8 5  
0 . 7 1  
1 . 3 0  
2 . 0 1  
0 . 0 8 6  
0 . 0 0 2  
2 0 . 1  
2 2 . 2 0  
34 
0 . 7 9  
0 . 5 9  
1 . 3 8  
0 . 1 8  
0 . 0 0 9  
2 . 0 7  
3 . 6 4  
0 . 9 3  
1 . 5 1  
2 . 4 4  
0 . 4 6  
0 . 0 1 3  
2 . 5 9  
5 . 0 9  
1 . 7 7  
2 . 8 9  
4 . 6 6  
0 . 2 9  
0 . 0 2 2  
1 6 . 3 1  
2 1 . 2 8  
0 . 7 1  
0 - 9 0  
1 . 6 1  
1 . 8 0  
0 . 0 2 7  
0 . 0 7 3  
3 . 5 0  
27.271 2 3 . 0 5  
1 . 1 6  
0 . 5 2  
1 . 6 8  
0 . 0 9 6  
0 . 0 2 4  
2 . 1 1  
3 . 9 1  
0 . 8 3  
0 . 7 6  
1 . 5 9  
0 . 0 5 6  
0 . 0 2 7  
2 . 8 2  
4 . 4 9  
0 . 8 8  
1 . 1 9  
2 . 0 7  
0 . 0 8 5  
0 . 0 2 5  
1 8 . 1 7  














T o t a l  N 
0 . 7 1  
0 . 9 0  
1 . 6 1  
4 . 4 4  
0 . 0 8 6  
0 . 2 6  
6 . 3 9  
0 . 7 1  
0 . 9 0  
1 . 6 1  
2 5 . 7  
0 . 3 7  
1 . 5 7  
2 9 . 2 4  
Table 3 .  Changes of Ni t rogen Compound Concen t r a t i ons  i n  
mg N / R  a t  180 C f o r  Water Samples from t h e  






























































































































































































Table  4 .  Changes o f  N i t r o g e n  Compound C o n c e n t r a t i o n s  i n  
mg N / R  a t  18O C f o r  Water Samples from t h e  
S l n a v a  R e s e r v o i r .  Sampling d a t e d  2 6 .  I V .  80 * 
E x p e r i -  
ment 
numbers 
1 0  
11 
1 2  
N i t r o g e n  


















+ N H 4 - N  
NO;-N 
NO;-N 
T o t a l  N 
0  
1 . 2 6  
0 . 9 0  
2 . 1 6  
0 . 3 4  
0 . 0 3  
2 . 1 3  
4 . 6 7  
1 . 3 8  
2 . 4 5  
3 . 8 3  
4 - 1 3  
0 . 1 5  
2 . 2 0  
1 0 . 9 1  
2 . 2 4  
3 . 0 6  
5 . 3 0  
1 4 . 8 2  
0 . 7 2  
2 . 5 3  
2 3 . 3 7  
P e r i o d  o f  
2 1  
1 . 3 7  
0 . 1 5  
1 . 5 2  
0 . 0 0 5  
0 . 0 0 2  
3 . 1 3  
4 . 6 6  
0 . 9 4  
1 . 7 1  
2 . 6 5  
0 . 0 2  
0 . 0 0 2  
7 . 2 2  
9 . 9 0  
2 . 3 4  
3 . 5 8  
5 . 9 2  
1 . 5 5  
0 . 0 2  
1 5 . 9 9  
2 3 . 4 8  
7  
1 . 6 3  
0 . 3 5  
1 . 9 6  
0 . 3 6  
0 . 1 7  
2 . 1 2  
4 . 6 3  
0 . 7 6  
2 . 2 7  
3 . 0 3  
3 . 9 4  
0 . 7 9  
2 . 9 5  
1 0 . 7 1  
1 . 5 9  
2 . 9 2  
4 . 5 1  
1 5 . 6 9  
1 . 3 4  
4 . 3 9  
2 5 . 9 3  
I n c u b a t i o n  
2 8  
1 . 0 6  
0 . 1 6  
1 . 2 2  
0 . 0 0 5  
0 . 0 1 0  
3 . 3 9  
4 . 6 2  
0 . 4 7  
0 . 2 4  
0 . 7 1  
0 . 0 0 5  
0 . 0 0 2  
1 0 . 1 8  
1 0 . 8 9  
0 . 7 0  
0 . 8 6  
1 . 5 6  
1 . 7 8  
0 . 0 4  
1 8 . 4 5  
2 1 . 8 3  















1 . 4 3  
0 . 4 8  
1 . 9 1  
1 . 7 8  
0 . 0 0 5  
1 8 . 9 6  
2 2 . 6 5  
35 
0 . 2 8  
0 . 1 7  
0 . 4 5  
0 . 0 0 5  
0 . 0 0 5  
4 . 6 7  
5 . 1 2  
0 . 4 4  
0 . 0 7  
0 . 5 1  
0 . 0 0 5  
0 . 0 0 2  
1 0 . 1 5  
1 0 . 6 6  
1 . 0 7  
0 . 5 9  
1 . 6 6  
1 . 5 2  
0 . 0 0 5  
1 8 . 6 3  
2 1 . 8 1  
4 3  
0 . 4 1  
0 . 1 9  
0 . 6 0  
0 . 0 0 5  
0 . 0 0 2  
4 . 5 6  
5 . 1 6  
0 . 3 8  
0 . 2 0  
0 . 5 8  
0 . 0 0 5  
0 . 0 0 2  
1 0 . 3 5  
1 0 . 9 3  
1 . 0 6  
0 . 6 9  
1 . 7 5  
1 . 6 4  
0 . 0 0 5  
1 8 . 8 3  
2 2 . 2 2  
F o r  i n s t a n c e ,  by c o m p a r i n ~  t h e  e x p e r i m e n t a l  r e s u l t s  o b t a i n e d  i n  
A p r i l ,  t h e  n i t r i t e - N  peak w a s  r e a c h e d , a t  t h e  7 t h  day i n  water 
samples  w i t h  t o t a l  n i t r o g e n  c o n t e n t  a d j u s t e d  t o  10 o r  23 m g / t  
and w i t h  c o n t r o l  sample h a v i n g  4 . 6  mg N / R .  I t  seems t h a t  t h e  
v a r i o u s  l e v e l s  of  t o t a l  n i t r o g e n  i n  t h e  s y s t e m  have  o n l y  a 
l i m i t e d  i n f l u e n c e  on t h e  i n i t i a l  ra te  o f  ammonium-N o x i d a t i o n .  
From t h i s  it c a n  b e  conc luded  t h a t  the n i t r i f i c a t i o n  c a p a c i t y  
o f  o u r  e x p e r i m e n t a l  s y s t e m s  i s  s u f f i c i e n t  f o r  a l l  o f  t h e  t e s t e d  
c o n c e n t r a t i o n  l e v e l s  o f  m i n e r a l  n i t r o g e n  forms.  
F o r  compar ison,  e x p e r i m e n t s  w e r e  made i n  A p r i l  a t  12O C ,  
a s  i s  shown i n  Tab le  2. By comparing t h e  r e s u l t s  o b t a i n e d  a t  
12O C w i t h  t h o s e  a t  180 C it i s  c l e a r l y  v i s i b l e  t h a t  a  s l o w e r  
rate  of  n i t r i f i c a t i o n  i s  c b t a i n e d  a t  t h e  lower  t e m p e r a t u r e .  
The n i t r i t e - N  peak w a s  a c h i e v e d  a t  t h e  1 3 t h  day o f  e x p e r i m e n t  
and t h e  ammonium-N d e c r e a s e  w a s  f i n i s h e d  o n l y  a t  t h e  3 4 t h  day 
i n  12O C e x p e r i m e n t .  
The o r g a n i c  n i t r o g e n  c o n t e n t  d u r i n g  a l l  o f  o u r  e x p e r i m e n t s  
w a s  r a t h e r  u n s t a b l e .  With water samples  t a k e n  from t h e  r e s e r v o i r  
i n  February  o r  A p r i l  t h e  t o t a l  o r g a n i c  n i t r o g e n  c o n c e n t r a t i o n  
was c o n s i d e r a b l y  d e c r e a s e d  by t h e  end o f  t h e  e x p e r i m e n t s .  I n  
p r a c t i c a l l y  a l l  cases w e  have  o b s e r v e d  a  d i r e c t  c o n n e c t i o n  
between t h e  decrease o f  t h e  t o t a l  and p a r t i c u l a r  o r g a n i c  n i t r o g e n .  
I t  seems t h a t  t h e  i n t e r p r e t a t i o n  o f  t h i s  t r e n d  l i e s  i n  t h e  l o s s e s  
o f  some p a r t  o f  t h e  n i t r o g e n  bound t o  microorganism b iomasses  
by s e d i m e n t a t i o n  b e c a u s e  o f  t h e  a b i l i t y  o f  b a c t e r i a  t o  b e  
immobi l ized  on s o l i d  s u r f a c e s .  T h i s  n i t r o g e n  q u o t a  c a n  n o t  b e  
t a k e n  i n t o  a c c o u n t  q u a n t i t a t i v e l y  d u r i n g  sampl ing  and t h e  r e s u l t  
i s  lowered l e v e l s  o f  i n d i v i d u a l  n i t r o g e n  f u n c t i o n  as w e l l  a s  
t o t a l  n i t r o g e n .  T h i s  m e t h o d o l o g i c a l  e r r o r  l e a d s  t o  some 
d e v i a t i o n  i n  t h e  sum o f  t o t a l  n i t r o g e n  c o n t e n t s  i n  t h e  e x p e r i m e n t a l  
sys tems.  Anyway t h e s e  d e v i a t i o n s  do n o t  exceed  f 15% o f  t h e  
a r i t h m e t i c a l  mean. So t h e  g iven  sys tems may b e  c o n s i d e r e d  a s  
v i r t u a l l y  c l o s e d  sys tems  and t h e  exchange o f  n i t r o g e n  th rough  
a i r - w a t e r  i n t e r f a c e  may b e  assumed t o  b e  n e g l i g i b l e .  
On t h e  b a s i s  o f  a  p r e l i m i n a r y  a n a l y s i s  o f  t h e  e x p e r i m e n t a l  
r e s u l t s  it i s  p o s s i b l e  t o  conc lude  t h a t  t h e  w a t e r  from t h e  S lnava  
R e s e r v o i r  h a s  t h e  a b i l i t y  t o  s u p p o r t  n i t r i f i c a t i o n  i n  d i f f e r e n t  
s ea s ons .  The q u a n t i t a t i v e  a s s e s smen t  o f  t h e  n i t r i f y i n g  a b i l i t y  
may be  accompl ished o n l y  when t h e  d a t a  from t h e  m i c r o b i o l o g i c a l  
and b i o l o g i c a l  a n a l y s e s  o f  t h e  w a t e r  samples  a r e  a v a i l a b l e .  
When t h e s e  d a t a  a r e  a b s e n t  one way t o  e s t i m a t e  t h e  n i t r i f i c a t i o n  
a c t i v i t y  i n  t h e  w a t e r  i s  by t h e  u se  o f  mathemat ica l  model ing.  
Model o f  N i t rogen  T rans fo rma t ion  
Mathemat ica l  models f o r  t h e  n i t r o g e n  c y c l e  i n  w a t e r  have  
been c o n s i d e r e d  by many a u t h o r s .  The t h e o r e t i c a l  approaches  t o  
mathemat ica l  modeling o f  n i t r o g e n  t r a n s f o r m a t i o n  p r o c e s s e s  have  
been d i s c u s s e d  by Leonov ( 1980) . Examples o f  a p p l y i n g  t h e  
mathemat ica l  models t o  a n a l y z e  t h e  n i t r o g e n  c y c l e ,  o r  o n l y  a  
p a r t  o f  it, a r e  p r e s e n t e d :  (i) f o r  e x p e r i m e n t a l  sys tems  by 
Knowles e t  a l . ,  (1965) and Leonov and ~ j z a t u l l i n  (1978) ; 
(ii) f o r  a c t i v a t e d  s l u d g e  sys tems  by Poduska and Andrews (1975) and 
Beck e t  a l .  (1979) ; (iii) f o r  e s t u a r y  ecosys tems  by Thomann e t  a l . ,  
( 1971) and N a j a r i a n  and Harleman (1977) ; ( i v )  f o r  r i v e r  ecosys tems 
by Shima e t  a l . ,  ( 19 78) , Knowles and Wakeford ( 19 78) , C a s a p i e r i  
e t  a l . ,  ( 1 9 7 8 ) ,  ) I i l l e r  and J enn ings  ( 1 9 7 9 ) ,  ( v )  f o r  l a k e  and 
r e s e r v o i r  ecosys tems by Anderson e t  a l . ,  ( 1 9 7 6 ) .  
The mathemat ica l  model d e s c r i b e d  i n  t h e  p r e s e n t  r e p o r t  i s  
based on t h e  p r e v i o u s  s t u d y  by Leonov (1980) . Because t h e  
model i s  i n t e n d e d  t o  b e  used f o r  a n a l y s i s  o f  t h e  dynamics o f  
t h e  n i t r o g e n  compounds i n  expe r imen ta l  da rk  c o n d i t i o n s ,  i . e . ,  
w i t h o u t  p h o t o s y n t h e t i c  p r o d u c t i o n  of  o r g a n i c  m a t t e r ,  t h e  
fo l l owing  assumpt ions  have been made: 
(i) t h e  model must i n c l u d e  t h e  main n i t r o g e n  compounds 
+ 
measured i n  t h e  expe r imen t s ,  such a s  ammonium-N (NH4-N) , 
n i t r i t e - N  (NO;-N), n i t r a t e - N  (NO;-N) , d i s s o l v e d  organic-N (DON) 
and p a r t i c u l a t e  organic-N (PON)  ; 
(ii) i n  t h e  g iven  model PON is subd iv ided  i n t o  t h e  f r a c t i o n s  
such a s  d e t r i t u s - N  ( N D )  and o r g a n i c a l l y  bound n i t r o g e n  i n  
microorganism biomasses  - Nitrosomonas ( B 1  ) , ~ i t r o b a c t e r  (B*) , 
h e t e r o t r o p h s  ( B3) and phy top lank ton  ( P L )  : 
(iii) t h e  f o l l o w i n g  e c o l o g i c a l  p r o c e s s e s  a r e  cons ide red  t o  
b e  i m p o r t a n t  i n  t h e  n i t r o g e n  t r a n s f o r m a t i o n s  under  d a r k  
(non -pho tosyn the t i c )  c o n d i t i o n s  : 
+ ( a )  growth ofheterotrophstransforming DON t o  NH4-N; 
+ ( b )  growth o f  Nitrosomonas t r a n s f o r m i n g  NH4-N t o  NO;-N; 
( c )  growth o f  N i t r o b a c t e r  t r a n s f o r m i n g  NO;-N t o  NO;-N: 
(d )  t h e  decomposi t ion o f  organic-N bound t o  t h e  
phy top lank ton  biomass;  
(e)  t h e  fo rma t ion  o f  d e t r i t u s - N  and i t s  decomposi t ion t o  DON. 
( i v )  t h e  model shou ld  t a k e  i n t o  accoun t  t h e  g e n e r a l  f u n c t i o n s  
o f  microorganisms,  i .e. , t h e  uptake  o f  n u t r i e n t s ,  t h e  e x c r e t i o n  
o f  m e t a b o l i t e s  and non-predated m o r t a l i t y ;  t h e s e  f u n c t i o n s  a r e  
c o n s i d e r e d  t o  be i m p o r t a n t  f o r  an e c o l o g i c a l  e x p l a n a t i o n  o f  
n i t r o g e n  t r a n s f o r m a t i o n s  i n  a  w a t e r  environment ;  
( v )  t h e  b a c t e r i a l  up take  o f  n u t r i e n t s  i s  d e s c r i b e d  by 
Longmuir-Hinshelwood e q u a t i o n s ,  where t h e  u p t a k e  r a t e  i s  a  
f u n c t i o n  o f  w a t e r  t e m p e r a t u r e  and n u t r i e n t  c o n c e n t r a t i o n ;  
( v i )  t h e  u p t a k e  r a t e  o f  n u t r i e n t s  by p h y t o p l a n k t o n  i s  
d e s c r i b e d  a s  f u n c t i o n  o f  t e m p e r a t u r e  and n u t r i e n t  c o n t e n t s  i n  
t h e  w a t e r  and t h e  p h y t o p l a n k t o n  ce l l s ;  
( v i i )  p h y t o p l a n k t o n  can  t a k e  up t h e  m i n e r a l  and o r g a n i c  
n i t r o g e n  compounds a s  a n  i n t e r c h a n g e a b l e  food s o u r c e  w i t h  
p r e f e r e n c e s  s o  t h a t  t h e  metabol ism o f  e a c h  n i t r o g e n  s o u r c e  
o c c u r s  s i m u l t a n e o u s l y  and i n t e r d e p e n d e n t l y ;  
( v i i i )  t h e  r a t e s  o f  m e t a b o l i t e  e x c r e t i o n  by microorganisms 
a r e  g i v e n  by f u n c t i o n s  o f  s p e c i f i c  u p t a k e  r a t e s  w i t h  e x c r e t i o n  
a c t i v i t i e s  t h a t  a r e  d i f f e r e n t  f o r  e a c h  t y p e  o f  microorganism;  
( i x )  t h e  r a t e  o f  d e t r i t u s  decompos i t ion  t o  DON is a  f u n c t i o n  
o f  t e m p e r a t u r e  and i n  i t s  s i m p l e s t  form t h i s  p r o c e s s  may b e  
d e s c r i b e d  by f i r s t  o r d e r  chemica l  k i n e t i c s ;  
( x )  oxygen i s  a l s o  i n t r o d u c e d  i n  t h e  model a s  a n  i m p o r t a n t  
w a t e r  q u a l i t y  c h a r a c t e r i s t i c  dependen t  on  t h e  n i t r o g e n  t r a n s f o r -  
mat ion .  
F i g u r e  2 i l l u s t r a t e s  t h e  i n t e r r e l a t i o n s h i p s  between t h e  
compartments  c o n s i d e r e d  i n  t h e  g i v e n  model. The s t r u c t u r e  o f  
t h e  e q u a t i o n s  of  t h e  n i t r o g e n  t r a n s f o r m a t i o n  model i s  shown 
i n  Tab le  5 .  A d e t a i l e d  e x p l a n a t i o n  o f  t h e  model e q u a t i o n s  i s  
p r e s e n t e d  e l s e w h e r e  (Leonov, 1 9 8 0 )  . 
S i m u l a t i o n  o f  t h e  N i t r o g e n  T r a n s f o r m a t i o n  
The mathemat ica l  model f o r  n i t r o g e n  t r a n s f o r m a t i o n  p r e s e n t e d  
above was used t o  d e s c r i b e  t h e  dynamics o f  t h e  n i t r o g e n  f r a c t i o n s  
obse rved  i n  t h e  e x p e r i m e n t s  w i t h  w a t e r  from t h e  S l n a v a  R e s e r v o i r .  
f 
Hetcrotrophs Nitrosomonas 
B NH4 P (B,) 
-. - 
I I 2  I Phytoplankton IPL) 
F i g u r e  2 .  Components of  t h e  N i t r o g e n  T r a n s f o r m a t i o n  Model and 
t h e i r  I n t e r r e l a t i o n s h i p s  
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Table 5. contd.. 
Constituente Symbol ~ q u a t  ions 
Temperature-dependent parameters: 
1. Temperature reduction factor 
for uptake rate of nitrifiers 
(unitless) 
2. Temperature reduction factor 
for uptake rate of'heterotrophs 
(unitless) 
3. Temperature-reducti on factor 
for uptake rate of phytoplankton R~~ 
(unitless) 
4. Decomposition rate of N to DON 
D 
(day-') 
5. Decomposition rate of MBj 
(day-') 
6. Sedimentation rate 
(day-') 








Table  6 shows t h e  i n i t i a l  c o n c e n t r a t i o n s  of  t h e  n i t r o g e n o u s  
compounds t aken  from t h e  expe r imen ta l  d a t a  (Tab l e s  1-4) a s  w e l l  
a s  t h e  v a l u e s  o f  t h e  r a t e  c o e f f i c i e n t s  used i n  t h e  model. The 
ranges  i n  t h e  i n i t i a l  c o n c e n t r a t i o n  changes  o f  chemica l  n i t r o g e n  
+ forms, DON, NH4-N and NO;-N i n  t h e  expe r imen t s  are 0.71-2.24, 
0.3-30.3, 0.01 4-0.55, and 0.049-2.53 mq N / R  , r e s p e c t i v e l v .  
Because t h e r e  a r e  many methodolog ica l  d i f f i c u l t i e s  i n  
d i f f e r e n t i a t i n g  v a r i o u s  s t r a i n s  o f  microorganisms i nvo lved  i n  
n i t r o g e n  t r a n s f o r m a t i o n  and t o  e v a l u a t e  t h e i r  b iomasses ,  t h e  
i n i t i a l  v a l u e s  o f  n i t r o g e n  bound i n  t h e  p a r t i c u l a t e  n i t r o g e n  
f r a c t i o n s ,  d e t r i t u s  and biomasses  o f  microorganisms w e r e  n o t  
de te rmined  e x p e r i m e n t a l l y .  Fo r  t h e  s i m u l a t i o n  r u n s  t h e s e  
i n i t i a l  c o n c e n t r a t i o n s  w e r e  e v a l u a t e d  u s i n g  t h e  r e a s o n a b l e  
assumpt ion t h a t  t h e  major  p a r t  o f  p a r t i c u l a t e  n i t r o g e n ,  
i . e . ,  abou t  905, is  i n c l u d e d  i n  non - l i v ing  p a r t i c u l a t e  matter 
o r  d e t r i t u s ,  and o n l y  small quo ta  (less t h a n  10%)  i s  bound i n  
t h e  b iomasses  o f  v i a b l e  microorganisms.  From a  q u a n t i t a t i v e  
p o i n t  o f  view t h e  amount o f  n i t r o g e n  bound t o  t h e  b iomasses  o f  
b a c t e r i a ,  n i t r i f i e r s ,  and h e t e r o t r o p h s ,  i s  v e r y  low (Ruban, 
1961) .  For  example, t h e  e s t i m a t e d  o r d e r  o f  biomass o f  n i t r i f y i n g  
b a c t e r i a  i n  u n i t s  o f  n i t r o g e n  i s  abou t  1 0 - ~ - 1 0 - ~  mg N / R  ( C u r t i s  
e t  a l . ,  1975) .  Thus t h e  assumpt ions  used g i v e  f o r  d i f f e r e n t  
s i m u l a t i o n  runs  r a n g e s  i n  t h e  v a l u e s  of p a r t i c u l a t e  n i t r o g e n  
f r a c t i o n s  o f  abou t  0.6-2.96 mg N / R  ( f o r  d e t r i t u s ) ,  
(0 .7-3 .5) .  mg N / R  ( f o r  Ni t rosomonas) ,  (0 .8 -2) .  mg N/.Z 
-5 ( f o r  N i t r o b a c t e r )  , (8-8.5) 10 mg N/R ( f o r  h e t e r o t r o p h s )  and 
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In  t h e  model runs  s i m i l a r  va lues  of  r a t e  c o e f f i c i e n t s  w e r e  
used f o r  t h e  s imula t ion  of  t h e  dynamic behavior  of  t h e  n i t r o g e n  
f r a c t i o n s .  The va lues  f o r  t h e  r a t e  c o e f f i c i e n t s  w e r e  taken from 
t h e  e a r l i e r  r e p o r t  where t h e  i n f l u e n c e  of  d i f f e r e n t  experimental  
c o n d i t i o n s  on n i t r o g e n  t r ans fo rma t ion  was l i k e w i s e  s t u d i e d  wi th  
t h e  use of  a  model (Leonov, 1980). 
I t  i s  i n t e r e s t i n g  t o  compare t h e  va lues  of  t h e  r a t e  
c o e f f i c i e n t s  used f o r  the d e s c r i p t i o n  of  b a c t e r i a l  growth i n  
n i t rogen  t r ans fo rma t ion  models. I n  Monod- ( o r  Michaelis-Menten) 
type k i n e t i c s ,  which a r e  most commonly used f o r  modeling t h e  
b a c t e r i a l  growth, t h e  main k i n e t i c  parameters  a r e  t h e  maximum 
s p e c i f i c  growth ( o r  s u b s t r a t e  uptake)  r a t e  , day-') and t h e  
Michae l i s  s a t u r a t i o n  c o n s t a n t  (KM,  mg N/R). The y i e l d  c o e f f i c i e n t ,  
Y ,  is  a l s o  an impor tan t  parameter  i n  models of b a c t e r i a  growth, 
and Y shows which p a r t  of t h e  u t i l i z e d  s u b s t r a t e  is  bound t o  
b a c t e r i a l  biomass (Sher rard  and Schoeder, 1973) . 
I n  t h e  given model t h e  b a c t e r i a l  biomass changes a t  each 
moment of  t i m e  a r e  de f ined  by d i f f e r e n c e s  i n  t h e  va lues  of  
s p e c i f i c  r a t e s  of  s u b s t r a t e  uptake,  t h e  e x c r e t i o n  o f  metabol ized 
product ,  and m o r t a l i t y .  Therefore ,  f o r  comparison of  t h e  r a t e  
c o e f f i c i e n t s  used i n  t h i s  s tudy  and those  a v a i l a b l e  i n  t h e  
l i t e r a t u r e ,  w e  must couple  t h e  k i n e t i c  terms d e s c r i b i n g  b a c t e r i a l  
uptake and e x c r e t i o n .  Thus, a f t e r  r ea r rang ing  t h e  corresponding 
equa t ions ,  p re sen ted  i n  Table 5, t h e  fo l lowing  express ions  f o r  
p and KM may b e  formulated.  
where i = l ,  j= l  and k = l  f o r  Nitrosomonas; i = 2 ,  j=3 and k=2 f o r  
N i t robac te r .  For he te ro t rophs  t h e  form of equa t ions  ( 1 )  and 
( 2 )  may be app l i ed  only f o r  t = O  when MB3 = 0 .  For c a s e s  where 
tfO, p and KM should be c o r r e c t e d  by Mg3 and equa t ions  f o r  
computing these  c o e f f i c i e n t s  may be w r i t t e n  a s  
The va lues  of t h e  y i e l d  c o e f f i c i e n t s ,  Y ,  which i n  mathematical  
models of b a c t e r i a l  growth a r e  commonly used a s  c o n s t a n t  va lues ,  
may be c a l c u l a t e d  h e r e  f o r  each type of b a c t e r i a  through t h e  
e x c r e t i o n  a c t i v i t i e s  (rBi)  . Thus i n  t h e  given model Y i s  a  
v a r i a b l e  parameter t h a t  may be e s t ima ted  by a  s imple  express ion:  
where i = l ,  2 and 3  f o r  Nitrosomonas, N i t r o b a c t e r  and he te ro t rophs .  
For each type  of b a c t e r i a  and f o r  i n d i v i d u a l  s t a g e s  of b a c t e r i a l  
growth Y w i l l  change i t s  value i n  accordance wi th  t h e  cond i t ions  
f o r  growth. 
Table 7 p r e s e n t s  t h e  se t  of k i n e t i c  c o e f f i c i e n t  va lues  used 
i n  p r a c t i c e  f o r  modeling t h e  b a c t e r i a l  growth. I t  shows a l s o  
t h e  i n i t i a l  concen t ra t ions  of b a c t e r i a l  biomasses i n  mg N/Q used 
i n  modeling t h e  n i t r o g e n  t ransformat ions  and it confirms t h a t  
t h e  l e v e l s  of b a c t e r i a l  biomasses a p p l i e d  i n  t h i s  s tudy ,  a s  i n  
e a r l i e r  s t u d i e s  of n i t r o g e n  t ransformat ion  i n  d i f f e r e n t  water  
environments (Leonov, 1980) , correspond w e l l  t o  those  eva lua ted  
f o r  n a t u r a l  s i t u a t i o n s  ( C u r t i s ,  e t  a l . ,  1975) . The r a t e  
T a b l e  7.  R e v i e w  of R a t e  C o e f f i c i e n t s  u s e d  for  D e s c r i p t i o n  

































































































































































































































































In the given 
report 
c o e f f i c i e n t s ,  11 and KM, a l s o  ag ree  w i t h  t h e  ranges  o f  v a l u e s  
quoted  i n  t h e  l i t e r a t u r e .  A s  f o r  t h e  y i e l d  c o e f f i c i e n t ,  Y ,  
Table  7 shows t h e  p o s s i b l e  ranges  of  Y v a l u e s  i n  t h e  d i f f e r e n t  
phases  o f  b a c t e r i a l  growth a s  e s t i m a t e d  by t h e  g iven  model i n  
t h i s  s t u d y  and p r e v i o u s l y  (Leonov, 1980)) t h e s e  v a l u e s  a r e  
compared w i t h  c o n s t a n t  v a l u e s  f o r  Y a v a i l a b l e  e l s ewhere  i n  t h e  
l i t e r a t u r e .  
F igu re s  3-1 4 show t h e  agreement between t h e  c o n c e n t r a t i o n s  
o f  n i t r o g e n  compounds observed  i n  exper iments  and t h o s e  c a l c u l a t e d  
i n  t h e  d i f f e r e n t  s i m u l a t i o n  runs .  From t h e  a n a l y s i s  o f  t h e s e  
f i g u r e s  it a p p e a r s  t h a t  p r i n c i p a l l y  t h e  model q u a l i t a t i v e l y  
d e s c r i b e s  t h e  major t e n d e n c i e s  i n  c o n c e n t r a t i o n  changes o f  
n i t r o g e n  forms measured i n  t h e  exper iments .  From v i s u a l  com- 
p a r i s o n  o f  expe r imen ta l  and modeling r e s u l t s  o b t a i n e d  f o r  days 
of measurements ( o r  w a t e r  sampl ing)  i t  i s  p o s s i b l e  t o  d e r i v e  
some p r e l i m i n a r y  conc lus ions .  F i r s t l y ,  t h e r e  i s  a n  unambiguous 
t r e n d  between t h e  t o t a l  n i t r o g e n  c o n c e n t r a t i o n s  and t h e  f i t n e s s  
o f  exper imenta l  and modeling d a t a  s o  t h a t  t h e  b e s t  agreement 
i s  ach ieved  a t  t h e  l o w e s t  n i t r o g e n  c o n c e n t r a t i o n s  w h i l e  w i t h  
i n c r e a s i n g  t h e  n i t r o g e n  l e v e l s  t h e  more f r e q u e n t  d e v i a t i o n s  
among e x p e r i m e n t a l l y  measured and s imu la t ed  n i t r o g e n  l e v e l s  
were observed.  Secondly,  t h e  a n a l y s i s  o f  t h e  n i t r o g e n  dynamics 
shows t h a t  the most d i f f e r e n c e s  cou ld  be  found i n  t h e  c a s e  of  
n i t r i t e - N .  I t  may be  e x p l a i n e d  by t h e  f a c t  t h a t  i n  t h e  n i t r i t e  
dynamics t h e r e  i s  a  v e r y  s h o r t  t i m e  p e r i o d  o f  i t s  r e l a t i v e l y  
h i g h  l e v e l s  due t o  a c t i v e  phase  o f  n i t r i f i c a t i o n  t h a t  d e f i n e  
t h e  d i f f i c u l t y  i n  choosing t h e  p r o p e r  t i m e  s t e p  between measure- 
ments t o  f i n d  t h e  n i t r i t e - N  dynamics. From t h e  expe r imen ta l  
r e s u l t s  it i s  obvious  t h a t  p e r i o d s  of  n i t r i t e - N  i n c r e a s i n g  and 
Figure  3 .  Comparison o f  S imula t ion  R e s u l t s  (Curves) w i t h  
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F i g u r e  4 .  Comparison o f  S i m u l a t i o n  R e s u l t s  (Curves )  w i t h  
O b s e r v a t i o n s  i n  Exper iment  2 ( P o i n t s  ) 
mgN/Q 
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F i g u r e  5. Comparison o f  S i m u l a t i o n  R e s u l t s  (Curves)  
w i t h  O b s e r v a t i o n s  i n  Exper iment  3 ( p o i n t s )  
I 
8 a 
9 n .  PON 
4 
-
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Figure  6 .  Comparison of  S imula t ion  R e s u l t s  (Curves) 
w i t h  Observa t ions  i n  Experiment 4 ( P o i n t s )  
30 
Days 
Figure 7. Comparison of Simulation Results (Curves) 
with Observations in Experiment 5 (Points) 
Figure 8. Comparison of Simulation Results (Curves) 
with Observations in Experiment 6 (Points) 
Figure 9. Comparison of Simulation Results (Curves) 
with Observations in Experiment 7 (Points) 
F i g u r e  1 0 .  Comparison o f  S i m u l a t i o n  R e s u l t s  ( C u r v e s )  
w i t h  O b s e r v a t i o n s  i n  E x p e r i m e n t  8 ( P o i n t s )  
DON 
Figure 1 1 .  Comparison of Simulation Results (Curves) 
with Observations in Experiment 9 (Points) 
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F i g u r e  1 2 .  Comparison o f  S i m u l a t i o n  R e s u l t s  ( C u r v e s )  
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Figure  73.  Comparison o f  Simulat ion Resu l t s  (Curves) 
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F i g u r e  1 4 .  Comparison o f  S i m u l a t i o n  R e s u l t s  ( C u r v e s )  
w i t h  O b s e r v a t i o n s  i n  E x p e r i m e n t  1 2  ( P o i n t s )  
0 
h 
0 0 0 
i t s  peaks  w e r e  n o t  d e t e c t e d  by measurements and a s  a  r e s u l t  o f  
t h i s  t h e  most p a r t  o f  e x p e r i m e n t a l l y  measured n i t r i t e - N  con- 
c e n t r a t i o n s  a r e  s m a l l e r  t h a n  t h o s e  o b t a i n e d  by modeling.  S l i g h t l y  
h i g h e r  e x p e r i m e n t a l  v a l u e s  i n  comparison w i t h  s i m u l a t i o n  r e s u l t s  
can  b e  found f o r  the ammonium-N and f o r  t h e  f i n a l  l e v e l s  o f  the 
n i t r a t e - N  a s  w e l l  a s  i n  a  few c a s e s  f o r  v a r i o u s  forms o f  o r g a n i c  
n i t r o g e n .  F i n a l l y  it i s  p o s s i b l e  t o  resume t h a t  i n  most 
c a s e s  t h e r e  a r e  no s u b s t a n t i a l  d i f f e r e n c e s  between e x p e r i m e n t a l  
and s i m u l a t e d  r e s u l t s  f o r  o t h e r  n i t r o g e n  forms such a s  DON, TON, 
and t o t a l  N .  
To o b t a i n  a  q u a n t i t a t i v e  a s s e s smen t  of how t h e  model ing 
r e s u l t s  a g r e e  w i t h  t h e  obse rved  n i t r o g e n  dynamics and t o  have  
some c r i t e r i a  showing t h a t  t h i s  agreement can n o t  b e  a t t r i b u t e d  
merely  t o  chance ,  s t a t i s t i c a l  methods s h o u l d  be  a p p l i e d .  Thus, 
i n  a n a l y s i s  w e  w i l l  c o n s i d e r  two groups  o f  n i t r o g e n  compound 
c o n c e n t r a t i o n s  o r  two samples  d e r i v e d  f o r  t h e  expe r imen t s  and 
t h e  s i m u l a t i o n s .  From t h e  modeling r e s u l t s  w e  w i l l  u s e  . o n l y  
l i m i t e d  d a t a  to  compare t h e  c o n c e n t r a t i o n s  o f  n i t r o g e n  compound 
a t  t h e  same t i m e s o r  days  a s  t h e  measurements i n  t h e  expe r imen t s .  
The s i m p l e s t  c r i t e r i a  t h a t  may b e  used  f o r  comparison o f  
samples ,  i s  t h e  a v e r a g e  ( o r  t h e  a r i t h m e t i c  mean).  Tab l e  8 shows 
t h e  mean v a l u e s  f o r  e a c h  o f  t h e  n i t r o g e n  forms c a l c u l a t e d  on t h e  
b a s i s  o f  e x p e r i m e n t a l  measurements and s i m u l a t i o n  r e s u l t s .  
Wi th in  t h e  l i m i t s  of t h e  a ccu racy  o f  t h e  a n a l y t i c a l  t e c h n i q u e s  
of  t h e  measurements b e i n g  used and t h e  range  o f  n i t r o g e n  v a r i a b l e s  
measured and a l s o  t h e  accu racy  i n  t h e  d e s c r i p t i o n  o f  t h e  n i t r o g e n  
t r a n s f o r m a t i o n  by model, t h i s  Tab l e  c o n s i s t s  a  comple te  informa- 
t i o n  a b o u t  b o t h  d a t a  sets. I n  t h i s  s e n s e  t h e  d a t a  i n  Tab l e  8 
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as t h e y  r e p r e s e n t  t h e  t o t a l i t y  o f  measurements o f  any g iven  
n i t r o g e n  forms. Taking i n t o  accoun t  t h e  e x i s t i n g  a n a l y t i c a l  
e r r o r  i n  measurements o f  n i t r o g e n  forms ( a s  + I S % ) ,  it i s  
p o s s i b l e  t o  conc lude  t h a t  mean v a l u e s  o f  t h e  n i t r o g e n  compounds 
e s t i m a t e d  on t h e  b a s i s  o f  modeling a r e  close t o  t h o s e  e v a l u a t e d  
from e x p e r imen t a l  d a t a  and a s  a  whole,  t h e  o b s e r v a t i o n s  and 
computed v a l u e s  a r e  r e p r e s e n t a t i v e  o f  a  s i m i l a r  p o p u l a t i o n .  
T h i s  may b e  a l s o  conf i rmed i n  t h e  a n a l y s i s  of  v a r i a n c e s  by t h e  
s o - c a l l e d  v a r i a n c e  r a t i o  or F - t e s t  t h a t  is  d e f i n e d  a s  t h e  r a t i o  
o f  l a r g e r  t o  t h e  s m a l l e r  o f  t h e  two v a r i a n c e  e s t i m a t e s  f o r  t w o  
2 2  d a t a  sets, s l  and s2: 
T h i s  tes t  a p p l i e d  f o r  t h e  comparison o f  two s m a l l  d a t a  
s e t s w a s  used t o  e v a l u a t e  how t h e  g i v e n  model d e s c r i b e d  t h e  
f l u c t u a t i o n  o f  i n d i v i d u a l  n i t r o g e n  forms i n  each o f t h e  exper iments .  
C a l c u l a t e d  v a l u e s  o f  F  a r e  p r e s e n t e d  i n  Tab l e  9  and t h e y  s h o u l d  
be compared w i t h  t h e  v a r i a n c e  r a t i o  t aken  from t a b l e s  o f  t h e  
F - d i s t r i b u t i o n  ( B a i l e y ,  1959) . These v a l u e s  f o r  t h e  5% l e v e l  o f  
s i g n i f i c a n c e  and known d e g r e e s  o f  freedom a r e  shown a t  t h e  t o p  
o f  Tab le  9 .  The comparison of F v a l u e s  shows t h a t  computed 
F v a l u e s  a s  a  r u l e  a r e  s m a l l e r  t h a n  v a l u e s  of  s t a t i s t i c a l  F  
d i s t r i b u t i o n  and t h e r e f o r e ,  it  i s  p o s s i b l e  t o  conc lude  t h a t  
v a r i a n c e s  o f  mean i n  two groups  o f  d a t a ,  o b s e r v a t i o n s  and 
s i m u l a t i o n s ,  arehomogeneous s o  f a r  w e  can  t e l l  from such  s m a l l  
d a t a  sets. The e x c l u s i o n  may b e  done f o r  v a r i a n c e s  o f  PON i n  
e x p e r im e n t s  3 and 9  ( i . e . ,  where n i t r o g e n  l e v e l s  were h i g h )  
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However, b o t h  o f  t h e s e  n i t r o g e n  forms are measured  w i t h  a small 
a c c u r a c y  b e c a u s e  t h e  a n a l y t i c a l  d i f f i c u l t y  ( f o r  PON) and t h e  
r a p i d  c o n c e n t r a t i o n  c h a n g e s  d u r i n g  a c t i v e  n i t r i f i c a t i o n  p h a s e  
( f o r  n i t r i t e - N )  . 
The e x a m i n a t i o n  o f  v a r i a n c e s  o f  i n d i v i d u a l  n i t r o g e n  f r a c t i o n s  
f o r  samples  g e n e r a l i z e d  f o r  a l l  e x p e r i m e n t s  (where  t o t a l  number 
o f  d a t a  i s  g r e a t  a n d  n=88) t o  d e t e r m i n e  w h e t h e r  t h e r e  i s  any 
real  d i f f e r e n c e s  i n  mean v a l u e s  be tween two g r o u p s  o f  d a t a  may 
b e  made by  f o r m u l a  
where  x l ,  s l  a n d  n l  a r e  mean, s t a n d a r d  d e v i a t i o n  and  number o f  
d a t a  i n  f i r s t  s ample  a n d  x 2 ,  s2 and n2  are t h e  same c h a r a c t e r i s -  
t i c s  f o r  t h e  s e c o n d  sample  ( B a i l e y ,  1959) . Computed v a l u e s  o f  
d  are p r e s e n t e d  i n  T a b l e  10. Accord ing  t o  s t a t i k t i c s ,  i f  
a b s o l u t e  v a l u e  o f  d  i s  smaller t h a n  1.96 t h e n  w e  c a n  c o n c l u d e  
t h a t  t h e r e  i s  no s i g n i f i c a n t  d i f f e r e n c e  be tween means i n  b o t h  
samples  a t  the 5% l e v e l  o f  s i g n i f i c a n c e .  Our c a l c u l a t e d  v a l u e s  
o f  d  i n  T a b l e  10 are smaller t h a n  1.96 and  t h e y  e q u a l  t o  0 .42 ,  
0 .44 ,  0 .60 ,  0 .77,  0 .86 ,  1 .25 and  1 .28  f o r  t o t a l  N ,  PON, NO;-N, 
+ N H 4 - N ,  TON, DON and  NO;-N, r e s p e c t i v e l y .  
Using t h e  n i t r o g e n  c o n c e n t r a t i o n s  measured  i n  e x p e r i m e n t s  
a n d  s i m u l a t e d -  i n  compute r  r u n s ,  t h e  model e r r o r s  ( p )  i n  t h e  
T a b l e  10.  T e s t s  f o r  Comparison o f  V a r i a n c e s  o f  N i t r o g e n  
C o n c e n t r a t i o n s  i n  Da ta  S e t s  g e n e r a l i z e d  f o r  
a l l  E x p e r i m e n t s  (n=88 
d e s c r i p t i o n  o f  t h e  n i t r o g e n  t r a n s f o r m a t i o n s  may b e  c a l c u l a t e d  
by  T h e i l ' s  f o r m u l a  ( T h e i l ,  1 9 6 1 ) :  
o b s  - l / n  C ( N i  s i m  2 Ni 1 
Nitrogen forms 
d 
s i m  2 
- J r n + J l / n  mi ) 
DON 
1.25 
s i m  
where  Ni Obs a n d  Ni a r e  o b s e r v e d  and  s i m u l a t e d  n i t r o g e n  c o n c e n t r a -  
PON 
0.44 




o f  d a t a  i n  e a c h  se t .  p i s  t h e  i n d e x  t h a t  m e a s u r e s  t h e  d e g r e e  
TON 
0.86 
t o  which  a s i m u l a t i o n  model d e s c r i b e s  t h e  n i t r o g e n  o b s e r v a t i o n s .  
T h i s  i n d e x  v a r i e s  be tween  0  a n d  1 .  I f  p = 0 ,  t h e  model d e s c r i p -  






V a l u e s  o f  t h e  model e r r o r s ,  p ,  computed f o r  i n d i v i d u a l  




e r r o r s  i n  t h e  s i m u l a t i o n  o f  t h e  dynamics  o f  i n d i v i d u a l  n i t r o g e n  
+ forms  are 0.070 ( t o t a l  N )  ; 0.11  9 (NO;-N) ; 0.172  ( N H 4 - N )  ; 
0.221 (TON); 0 .234 ( D O N ) :  0.330 (PON): a n d  0.574 (NO; -N) .  
I n  a n  a t t e m p t s  t o  s e e k  a  q u a n t i t a t i v e  r e l a t i o n s h i p  be tween  
t h e  n i t r o g e n  c o n c e n t r a t i o n s  i n  o b s e r v e d  a n d  s i m u l a t e d  t i m e  series,  
t h e  method o f  r e g r e s s i o n  a n a l y s i s  was a l s o  u s e d .  The s i m p l e s t  
form of  t h e  r e l a t i o n s h i p  may be p re sen ted  by l i n e a r  r e g r e s s i o n  
equa t ion  
where Y and X a r e  t h e  observed and s imula ted  n i t r o g e n  concentra-  
t i o n s ,  r e s p e c t i v e l y ;  a  and b  a r e  r e g r e s s i o n  c o e f f i c i e n t s ,  
i n t e r c e p t  and s l o p e ,  r e s p e c t i v e l y .  
Standard l i n e a r  r e g r e s s i o n  s t a t i s t i c s  were computed by 
apply ing  equa t ion  ( 9 ) .  This  i n c l u d e s  (i) c a l c u l a t i o n s  of  t h e  
r e g r e s s i o n  c o e f f i c i e n t  v a l u e s ,  a  and b;  (ii) t - s t a t i s t i c s ,  
i . e . ,  tests of s i g n i f i c a n c e  f o r  t h e  s l o p e  c o e f f i c i e n t ,  b ,  
(which i s  g e n e r a l l y  o f  most i n t e r e s t ) ,  w i t h  t h e  n u l l  hypo thes i s  
on t h e  s l o p e  and 5% l e v e l  o f  p r o b a b i l i t y ;  (iii) t h e  squa re  
2 
of  t h e  c o r r e l a t i o n  c o e f f i c i e n t ,  r , between observed and 
computed c o n c e n t r a t i o n s  of n i t r o g e n  f r a c t i o n s .  
These s t a t i s t i c a l  c r i t e r i a  a r e  cons idered  t o  be s u f f i c i e n t  
f o r  p rov id ing  a  comprehensive e v a l u a t i o n  of  t h e  agreement between 
s i m u l a t i o n  r e s u l t s  and o b s e r v a t i o n s .  The r e s u l t s  of computations 
of  s t a n d a r d  l i n e a r  r e g r e s s i o n  s t a t i s t i c s  a r e  shown i n  Table  11 
( f o r  t h e  n i t r o g e n  f r a c t i o n s )  and i n  Table 10 ( f o r  t h e  i n d i v i d u a l  
expe r imen t s ) .  
The s t a t i s t i c s  i n  Table 1 1  shows t h a t  a  good c o r r e l a t i o n  
i s  ob ta ined  wi th  a  r e g r e s s i o n  l i n e  s l o p e  c l o s e  t o  1 ( i . e . ,  b = l ,  
exc luding  b=0.6 15 f o r  DON and b=O .249 f o r  n i t r i t e - N )  b u t  f o r  
t h e  i n t e r c e p t ,  a#O, which may be expla ined  by t h e  e x i s t i n g  
accuracy of  t h e  a n a l y t i c a l  n i t r o g e n  measurements (see Tables  
* 
1-4) . However, a h i g h l y  s i g n i f i c a n t  va lues  of t - r a t i o  i n  
* A 
t - r s t i o  i s  equa l  t o  b  d iv ided  on s t anda rd  e r r o r  i n  b  e v a l u a t i o n .  
T a b l e  1 1 .  S t a n d a r d  L i n e a r  R e g r e s s i o n  S t a t i s t i c s  f o r  R e l a t i o n s h i p  be tween  
Obse rved  a n d  Computed N i t r o g e n  C o n c e n t r a t i o n s  ( o b t a i n e d  f o r  a l l  












































T a b l e  11 g i v e n  i n  b r a c k e t s  below t h e  v a l u e s  o f  c o e f f i c i e n t s ,  b ,  
f o r  t h e  d i f f e r e n t  n i t r o g e n  f r a c t i o n s ,  show t h a t  t h e  l i n e a r  
r e l a t i o n s h i p  be tween d a t a  i n  t w o  sets is  r a t h e r  r e p r e s e n t a t i v e  
and  v a l u e s  o f  b  are h i g h l y  r ea l i s t i c .  I n  o t h e r  w o r d s ,  t h e  
h y p o t h e s i s  t h a t  b=O would  b e  r e j e c t e d  a t  5% l e v e l  o f  s i g n i f i c a n c e  
b e c a u s e  f o r  a l l  n i t r o g e n  f r a c t i o n s ,  t - ra t ios  are much l a r g e r  
t h a n  1.99 f o r  n=88. . T h i s  v a l u e  c a n  b e  f o u n d  f rom t a b l e  o f  t h e  
t - d i s t r i b u t i o n  w i t h  n=2 d e g r e e s  o f  f reedom ( A l l a r d ,  1977) . 
The s i m i l a r  c o n c l u s i o n  i s  even  more a p p a r e n t  when w e  b e g i n  t h e  
a n a l y s i s  o f  s t a t i s t i c s  i n  T a b l e  12. I t  shows t h a t  i n  t h e  
d i f f e r e n t  e x p e r i m e n t s  t h e  r e l a t i o n s h i p  be tween n i t r o g e n  
c o n c e n t r a t i o n s  i n  o b s e r v e d  and  s i m u l a t e d  t i m e  series i s  l i n e a r  
w i t h  a s l o p e  r a n g i n g  be tween 0.873-1.053 a n d  w i t h  a t - r a t i o  
v a r y i n g  be tween 18.8 and  37.0.  The v a l u e s  o f  a  r e g r e s s i o n  
c o e f f i c i e n t s ,  a  and  b ,  a v e r a g e d  f o r  t h e  t w e l v e  e x p e r i m e n t s ,  are 
e q u a l  t o  0 .163 a n d  0.908,  r e s p e c t i v e l y ,  a n d  t h i s  t o t a l  r e l a t i o n -  
s h i p  i s  v e r y  s i g n i f i c a n t  ( t - r a t i o  i s  91.7) . T h e r e f o r e ,  w e  c a n  
a g a i n  reject t h e  h y p o t h e s i s  t h a t  b=O b e c a u s e  i n  a l l  cases, 
t - rat ios  are much more s i g n i f i c a n t  t h a n  2.423 o b t a i n e d  f o r  
minimal  n=42 f rom t h e  t a b l e  o f  t h e  t - d i s t r i b u t i o n  w i t h  n=2 
d e g r e e s  o f  f reedom ( A l l a r d ,  1 9 7 7 ) .  
2  F i n a l l y ,  t h e  v a l u e s  of r , e s t i m a t e d  i n  t h i s  a n a l y s i s  
a n d  a l s o  p r e s e n t e d  i n  T a b l e s  1 1  a n d  12 , may b e  u s e d  as an  
a d d i t i o n a l  s c r i t e r i o n  i n  t h e  e v a l u a t i o n  o f  t h e  model adequacy.  
The v a l u e s  o f  r2 may v a r y  from 0  t o  1 and  i f  r2 e q u a l  t o  1  t h e n  
the c o r r e l a t i o n  be tween  two q u a n t i t i e s  i s  p e r f e c t .  F o r  t h e  
g i v e n  n i t r o g e n  f r a c t i o n s  t h e  r2 s t a t i s t i c s  l i e s  i n  t h e  r a n g e  
0.43-0.96 w h i l e  f o r  s a m p l e s  g e n e r a l i z e d  f o r  i n d i v i d u a l  e x p e r i -  
ments  r2 i s  i n  t h e  r a n g e  0.87 t o  0 .96 .  The mean v a l u e  o f  r2 f o r  
a l l  t h e  d a t a  i s  e s t i m a t e d  t o  b e  e q u a l  t o  0.932.  
Table 1 2 .  Standard Linear  Regression S t a t i s t i c s  f o r  Rela t ionship  
between a l l  observed and computed Nitrogen Concentra- 
t i o n s  (obta ined  f o r  i n d i v i d u a l  Experiments) 
Average I 0 .163  
No. of 
Experi- 
men ts  
Regression C o e f f i c i e n t s  
a  b  r 2 
Discuss ion  
Many of t h e  i m p o r t a n t  c h a r a c t e r i s t i c s  o f  n i t r o g e n  t r a n s f o r -  
mation p r o c e s s e s  t h a t  c anno t  b e  o b t a i n e d  d i r e c t l y  f rom t h e  
measurements of  chemica l  and b i o l o g i c a l  compound c o n c e n t r a t i o n s  
may b e  compara t i ve ly  e a s i l y  e s t i m a t e d  by an a n a l y s i s  o f  s imula-  
t i o n  r e s u l t s .  W e  s h a l l ,  t h e r e f o r e  p r e s e n t  some examples o f  t h e  
a n a l y s i s  o f  t h e s e  r e s u l t s  i n  o r d e r  t o  o b t a i n  a d d i t i o n a l  i n s i g h t s ,  
i n t o  n i t r o g e n  t r a n s f o r m a t i o n  p r o c e s s e s  under  t h e  c o n t r o l l e d  
exper iments  w i t h  w a t e r  from Slnava  Rese rvo i r .  
The f i r s t  example concerns  e s t i m a t i o n  o f  t h e  b a c t e r i a l  
a c t i v i t y  i n  t h e  conve r s ion  o f  n i t r o g e n o u s  matter. Usual ly  t h i s  
i n fo rma t ion  can o n l y  b e  o b t a i n e d  from s p e c i a l i z e d  and t i m e -  
consuming expe r imen ta l  s t u d i e s  ( S r i n a t h  e t  a l . ,  1976)  i n  
e v a l u a t i n g  t h e  r o l e  o f  i n d i v i d u a l  b a c t e r i a  ( h e t e r o t r o p h s  a s  
w e l l  a s  n i t r i f i e r s )  i n  t h e  o x i d a t i o n  o f  d i f f e r e n t  n i t r o g e n  s o u r c e s  
The a c t u a l  a c t i v i t y  o f  b a c t e r i a  i n  t r ans fo rming  t h e  n i t r o g e n  
compounds from one form t o  a n o t h e r  a t  any t i m e  i s  dependent  
upon: (i) t h e  biomass c o n c e n t r a t i o n  o f  a c t i v e  b a c t e r i a l  forms;  
(ii) t h e  c o n c e n t r a t i o n  o f  s u b s t r a t e  f o r  b a c t e r i a l  growth,  and 
(iii) t empe ra tu r e ,  a cco rd ing  t o  t h e  hypotheses  used f o r  t h e  
c o n s t r u c t i o n  o f  o u r  model. The p o s s i b l e  e f f e c t  o f  o t h e r  
env i ronmenta l  f a c t o r s ,  such a s  oxygen and pHI w e r e  cons ide red  
t o  be  n e g l i g i b l e  f o r  t h e  c o n d i t i o n s  o f  t h e  exper iments  a n a l y z e d '  
i n  t h i s  s t u d y .  
Because t h e  n a t u r a l  b a c t e r i a l  p o p u l a t i o n  a r e  he t e rogenous  
assemblages  o f  microorganisms w i t h  w ide ly  d i f f e r e n t  p h y s i o l o g i c a l  
c h a r a c t e r i s t i c s  ( such  a s  s i z e ,  g e n e r a t i o n  t i m e ,  n u t r i t i o n a l  
r e q u i r e m e n t s ) ,  t h e  d i r e c t  a p p l i c a t i o n  of  a  s imple  mathemat ica l  
model i n  t h e  d e s c r i p t i o n  o f  b a c t e r i a l  a c t i v i t i e s  ha s  been 
q u e s t i o n e d  (Wil l iams,  1973) .  However, i n  t h e  l i t e r a t u r e  there 
a r e  many examples o f  e v a l u a t i o n s  o f  r e l a t i v e  m i c r o b i a l  a c t i v i t i e s  
i n  d i f f e r e n t  w a t e r  b o d i e s  a s  w e l l  a s  w i t h i n  t h e  same w a t e r  
( S i b e r t  and Brown, 1975; Hobbie e t  a l . ,  1972) .  
Using t h e  s i m u l a t i o n  r e s u l t s  o f  t h i s  s t u d y ,  t h e  b a c t e r i a l  
a c t i v i t i e s  i n  n i t r o g e n  t r a n s f o r m a t i o n  may b e  e v a l u a t e d  i n  a t  
l e a s t  two ways. The f i r s t  one  i s  based on c o n s i d e r a t i o n  o f  
b a c t e r i a l  e x c r e t i o n  a c t i v i t i e s .  A s  no ted  p r e v i o u s l y ,  t h e  
i n t r o d u c t i o n  o f  microorganism a c t i v i t y  i n t o  an e c o l o g i c a l  model 
d e s c r i b i n g  t h e  n i t r o g e n  c y c l e ,  a l l ows  a  d e t a i l e d  s i m u l a t i o n  o f  
t h e  dynamics o f  n i t r o g e n  f r a c t i o n s  o b t a i n e d  i n  expe r imen t s  w i t h  
sewage, r i v e r ,  l a k e  and s e a  wa te r  samples (Leonov, 1980) .  
S u b s t r a t e  u t i l i z a t i o n  by growing b a c t e r i a  and t h e  growth 
o f  biomass a r e  n o t  e q u i v a l e n t  p r o c e s s e s  because  n o t  a l l  o f  t h e  
s u b s t r a t e  t aken  up by b a c t e r i a  is  i n c l u d e d  i n  t h e  c e l l  composi- 
t i o n .  Only a  s m a l l  p a r t  of  s u b s t r a t e  u t i l i z e d  is  absorbed  i n t o  
t h e  biomass w h i l e  t h e  major  p a r t  o f  t h e  metabo l ized  s u b s t r a t e  
i s  e x c r e t e d  a s  a  was t e  p roduc t .  Tab l e  13 summarizes t h e  
e v a l u a t i o n  o f  e x c r e t i o n  a c t i v i t i e s  by h e t e r o t r o p h s  and n i t r i f i e r s  
a s  o b t a i n e d  from t h e  g iven  model. A s  can be  s een  from Table  
13, t h e  v a r i a t i o n  i n  t h e  e x c r e t i o n  a c t i v i t y  o f  each  t y p e  o f  
b a c t e r i a  du r ing  t h e i r  growth phase  i s  s i m i l a r  i n  t h e  d i f f e r e n t  
exper iments  and p r i m a r i l y  it depends on the i n i t i a l  concen t ra -  
t i o n  of s u b s t r a t e  t aken  up i n  b a c t e r i a l  growth. 
I n  t h e  c o n c e n t r a t i o n  r ange  o f  d i s s o l v e d  organic-N, g iven  
by expe r imen ta l  c o n d i t i o n s ,  t h e  e x c r e t i o n  a c t i v i t y  o f  h e t e r o -  
t r o p h s  v a r i e s  s l i g h t l y  between 0.61-0.65 o f  t h e  r a t e  o f  
s u b s t r a t e  up take .  I t  i s  impor t an t  t o  o b s e r v e  t h a t  i n  t h e  g iven  
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I G r o w t h  p h a s e s  o f  b a c t e r i a  
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exper iments  t h e  e x c r e t i o n  a c t i v i t y  of  h e t e r o t r o p h s  was p r a c t i c a l l y  
c o n s t a n t  d u r i n g  t h e i r  d i f f e r e n t  growth phases .  
The e x c r e t i o n  a c t i v i t y  of  n i t r i f i e r s  i s  s i g n i f i c a n t l y  
d i f f e r e n t  i n  t h e  v a r i o u s  exper iments  a s  a  r e s u l t  o f  widely  
d i f f e r e n t  i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  s u b s t r a t e s ,  ammonium-N 
and n i t r i t e - N ,  t aken  up by Nitrosomonas and N i t r o b a c t e r ,  
r e s p e c t i v e l y .  According t o  s i m u l a t i o n  r e s u l t s  i n  t h e  development 
o f  n i t r i f i e r s ,  it i s  p o s s i b l e  t o  recognize  t h e  l a g ,  l o g a r i t h m i c ,  
m o r t a l i t y  and sometimes a  s t e a d y  s t a t e  growth phases .  The 
e x c r e t i o n  a c t i v i t y  of  n i t r i f i e r s  i s  l a r g e s t  i n  t h e  l a g  phase  
when, i n  t h e  d i f f e r e n t  exper iments ,  it i s  equa l  t o  0.76-0.89 
f o r  Nitrosomonas and 0.83-0.97 f o r  N i t r o b a c t e r .  Th i s  means 
t h a t  1 1 - 2 4 s  and 3-17% o f  t h e  s u b s t r a t e  u t i l i z e d  by Nitrosomonas 
and N i t r o b a c t e r ,  r e s p e c t i v e l y ,  s p e n t  on t h e  c o n s t r u c t i o n  o f  
biomass and t h e  remainder i s  e x c r e t e d  i n  a  t ransformed form 
t o  t h e  wate r  environment.  
I n  t h e  l o g a r i t h m i c  growth phase t h e  e x c r e t i o n a c t i v i t y  o f  
n i t r i f i e r s  v a r i e s  o v e r  a  l a r g e  range:  from 0 .3  t o  0.88 f o r  
Nitrosomonas and from 0.29 t o  0.98 f o r  N i t r o b a c t e r .  During 
t h e  m o r t a l i t y  growth phase the e x c r e t i o n  i s  equa l  t o  0.29-0.39 
and 0.33-0.49 of t h e  up take  r a t e  f o r  Nitrosomonas and N i t r o b a c t e r ,  
r e s p e c t i v e l y ,  and i n  t h e  s t eady  s t a t e  growth phase it is  about  
0.38-0.39 and 0.48-0.49 f o r  t h e  same b a c t e r i a .  Thus, i n  t h e  
f i n a l  growth phases  t h e  e x c r e t i o n  a c t i v i t i e s  of  t h e  b a c t e r i a  
f l u c t u a t e  ove r  a  sma l l  range  depending on t h e  s u b s t r a t e  concen- 
t r a t i o n .  
The o x i d a t i v e  p o t e n t i a l  of b a c t e r i a ,  which i s  o f t e n  used 
a s  an i n d i c a t o r  of  t h e  q u a l i t y  of a  wa te r  environment (Zubkoff 
and Wariner,  19771, i s  a  second c r i t e r i o n  f o r  a s s e s s i n g  b a c t e r i a l  
a c t i v i t y  t h a t  may be e v a l u a t e d  from t h e  s i m u l a t i o n  r e s u l t s .  Th i s  
c h a r a c t e r i s t i c  i s  c a l c u l a t e d  a s  a  p roduc t  o f  t h e  s p e c i f i c  r a t e  
o f  s u b s t r a t e  up t ake  and t h e  b a c t e r i a l  biomass a t  any g iven  t i m e .  
Thus it i s  p o s s i b l e  t o  e s t i m a t e  t h e  d i r e c t  q u a n t i t a t i v e  e f f e c t ,  
o r  f u n c t i o n a l  e f f i c i e n c y ,  o f  b a c t e r i a  i n  t r a n s f o r m i n g  t h e  
n i t r o g e n o u s  m a t t e r  f o r  d i f f e r e n t  i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  
n i t r o g e n  s o u r c e s  and i n  v a r i o u s  growth phase s  o f  t h e  b a c t e r i a .  
The o x i d a t i v e  p o t e n t i a l  o f  t h e  b a c t e r i a  i s  most u s e f u l  f o r  
unde r s t and ing  t h e  r o l e  o f  t h e  d i f f e r e n t  b a c t e r i a l  groups  i n  
w a t e r  p o l l u t e d  by n i t r o g e n  s o u r c e s .  E v a l u a t i o n  o f  t h e  o x i d a t i v e  
p o t e n t i a l  o f  t h e  h e t e r o t r o p h s  and n i t r i f i e r s  i s  p r e s e n t e d  i n  
Tab le  14 f o r  t h e  d i f f e r e n t  exper iments .  A c t u a l l y  t h e s e  e s t i m a t e s  
show t h e  r a t e s  of  s u b s t r a t e  up t ake  by d i f f e r e n t  b a c t e r i a  and 
t h e y  a r e  a  r e s u l t  o f  t h e  env i ronmen ta l  c o n d i t i o n s  ( t e m p e r a t u r e ,  
n u t r i e n t  c o n t e n t s  and b a c t e r i a l  a c t i v i t i e s ) .  
The l a g  phase  o f  b a c t e r i a l  growth,  accoun ted  f o r  i n  t h e  
modeling r e s u l t s  o n l y  f o r  n i t r i f i e r s ,  is  c h a r a c t e r i z e d  by t h e  
l o w e s t  v a l u e s  o f  o x i d a t i v e  p o t e n t i a l  i n  comparison w i t h  t h e  
o t h e r  growth phases .  I n  a l l  expe r imen t s  t h e  v a l u e s  o f  o x i d a t i v e  
p o t e n t i a l  o f  t h e  n i t r i f i e r s  v a r y  from 0.01 t o  0.13 mg N/f.-day 
( f o r  Nitrosomonas)  and from 0.002 t o  0.152 mg N/G-day ( f o r  
N i t r o b a c t e r )  ; d u r i n g  t h e  l a g  growth phase  t h e  t empe ra tu r e  ha s  
a  s l i g h t  i n f l u e n c e  on t h e  e f f i c i e n c y  of  n i t r i f i e r s  i n  t r a n s f o r m i n g  
t h e  mine r a l  n i t r o g e n  s o u r c e s .  I t  i s  a l s o  i m p o r t a n t  t h a t  t h e  
o x i d a t i v e  p o t e n t i a l  o f  n i t r i f i e r s  d u r i n g  t h e  l a g  growth phase  
is  n o t  dependent  on t h e  i n i t i a l  s u b s t r a t e  c o n c e n t r a t i o n s .  
I n  a  l o g a r i t h m i c  growth phase  t h e  o x i d a t i v e  p o t e n t i a l  o f  
t h e  b a c t e r i a  v a r i e s  o v e r  a  l a r g e  r ange  and i t s  h i g h e s t  v a l u e s  
Table 1 4 .  Oxidat ive P o t e n t i a l  of Bacter ia  i n  m g  N/R-day 
a s  c a l c u l a t e d  by Model 
Lxpmrimmnt 
number8 Baeteria 
G r o w t h  p h a m m a  o f  b a e t a r i a  
1 potsnti.1 
I 
1 Uaterotrophm - 
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8mt8rotroph8 I - 1 - 1 0-5 ( 0 .035-0 .105  1 5 - 1 2  ' 0 .040-0 .075  - ,  
- = - - -  ! - I I 12-34  0 . 0 6 1 - 0 . 0 8 6  3 4 - 6 0  0 .079-0 .085  I 6 0  0.079.  
8iti080~0.a~ I 0-4  0 . 0 3 9 I O .  047  I 4-11  1 0 . 1 7 3 - 1 . 8 7 4  1 1 - 2 6  0 .029-0 .050  I 30-60 : 0 . 0 4 7 - 0 . 0 5 1  
8 i t r o h a ~ t a r  / 0-4 0 . 0 0 3 - 0 . 0 0 7  4-17 0 . 0 2 2 - 0 . 7 7 8  1 7 - 4 0  1 0 - 0 1 4 - 0 . 0 2 2  ! 40-60  i 0 . 0 1 8 - 0 . 0 2 0  
0 .033-0 .100  1 5-12 ' 0 .051-0 .075  ; - - 
- 
0.139.  
0 .  084. 
0 .032.  
- 1 - 0-4 0 .284-0 .457  0 .118-0 .185  7  I 8itrO80DO..8 0-2 I 0 . 0  j 2-10 1 0 .003-0 .396  1 1:; 1 0 .053-0 .129  I litrobactar 0 - 4  ! 0 . 0 0 4 - 0 . 0 2 3 ,  4-28 0 . 0 2 3 - 0 . 2 2 1  28 -40  0 .020-0 .023  m I 1 aet4rotropim 1 - i - 0 .280-0 .453  1 4-40  6 -  j o-. I 8  mitro8orooam 1 0-2 ! 0 .104  2 8 , 0 . 1 1 2 - 1 . 5 0 1  1 8-40  i 0 . 0 9 6 - 0 . 1 1 1  1 Bitrobactar I 0-4 i 0 . 0 2 7 - 0 . 0 9 0  4-30 / 0 .040-0 .893  ; 3 0 - 4 0  1 0 . 0 3 7 - 0 . 0 4 0  
16 -40  / 0.088-0.  !14 
4 0  0.053 
4 0  0 . 0 2 0 ~  
4 0  : 0.161. 
4 0  0.096.  
4 0  , 0.037.  
- . - I -  11-42 0 . 0 7 7 - 0 . 2 0 7  
0 . 0 5 7 - 1 2 . 0 1 0  
0 .127-5 .300  
0 .200-0 .207  
0 .046-0 .124  
0 .027-0 .040  
4 4 - 6 0  
1 3 - 4 2  
19 -44  
6 0  , 0 .200 '  
44 -60  1 0 . 1 2 0 - 0 . 1 2 4  






amtarotrophs l - 
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a r e  o b t a i n e d  i n  t h e  e a r l y  s t a g e s  o f  l o g a r i t h m i c  growth when t h e  
b a c t e r i a  biomass i s  low and t h e  amount of  s u b s t r a t e  f o r  a  
p a r t i c u l a r  biomass u n i t  i s  s u f f i c i e n t  t o  ma in t a in  a c t i v e  growth 
o f  t h e  b a c t e r i a l  groups .  A s  a  whole a  maximum v a l u e  o f  t h e  
o x i d a t i v e  p o t e n t i a l  o f  h e t e r o t r o p h s  a s  w e l l  a s  n i t r i f i e r s  i s  
p r i m a r i l y  dependent on t h e  i n i t i a l  s u b s t r a t e  c o n c e n t r a t i o n  used 
by b a c t e r i a  f o r  growth. I t  i s  a l s o  d e f i n e d  by t h e  r a t e s  o f  
s u b s t r a t e  fo rmat ion  f o r  t h e  e x t e r n a l  n u t r i e n t  c y c l i n g  by 
chemica l -b io log i ca l  t r a n s f o r m a t i o n  o f  t h e  n i t r o g e n  s o u r c e s .  
The h i g h e s t  v a l u e s  o f  t h e  o x i d a t i v e  p o t e n t i a l  f o r  Nitrosomonas 
(9.8-12.0 mg N/E-day) were e s t i m a t e d  f o r  t h e  180 C exper iments  
3,6 and 1 2 ) ,  where a  h i g h  i n i t i a l  c o n c e n t r a t i o n  o f  ammonium-N 
(30.3,  25.7 and 14.8 mg N/ R, r e s p e c t i v e l y )  was a v a i l a b l e .  A t  
an i n i t i a l  ammonium-N c o n c e n t r a t i o n  o f  0.3-4.7 mg N / R  ( i n  
exper iments  1 ,  2,  7, 8, 10 and 1 1 )  t h e  v a l u e s  of  Nitrosomonas 
o x i d a t i v e  p o t e n t i a l  were s i g n i f i c a n t l y  lower  and e q u a l  t o  
0.4-2.1 mg N/%-day. The maximum o x i d a t i v e  a c t i v i t y  o f  N i t r o b a c t e r  
was e s t i m a t e d  t o  be  e q u a l  t o  2.9-5.0 mg N/R-day i n  t h e  180 C 
exper iments  (3 ,  9 and 1 2 )  w i t h  i n i t i a l  n i t r i t e - N  c o n t e n t s  o f  
0.34-0.72 mg N / R .  For  t h e  1 2 O  C exper iments  t h e  o x i d a t i v e  
p o t e n t i a l  o f  n i t r i f i e r s  v a r i e d  i n  t h e  same manner a s  f o r  t h e  
18O C tests. 
The o x i d a t i v e  p o t e n t i a l  o f  t h e  h e t e r o t r o p h s  d u r i n g  t h e  
l o g a r i t h m i c  growth phase  v a r i e s  ove r  t h e  range  o f  0.21-0.31 
mg N/R-day f o r  t h e  l8oC exper iments  (1-3) v i t h  i n i t i a l  DON c o n t e n t s  
o f  0.71 mg N / R .  I n c r e a s i n g  t h e  i n i t i a l  DON c o n c e n t r a t i o n s  i n  
exper iments  (7-9) t o  0.86 mg N/k and i n  exper iments  (10-12) t o  
1.26-2.24 mg N/R b r i n g s  abou t  a  cor responding  i n c r e a s e  o f  t h e  
o x i d a t i v e  p o t e n t i a l  o f  h e t e r o t r o p h s  s o  t h a t  t h e  range  o f  i t s  
f l u c t u a t i o n s  was 0.28-0.46 mg N/t-day ( i n  e x p e r i m e n t s  7-9) and 
0.32-0.87 mg N/R-day ( i n  exper iments  10-1  2 ) .  For  t h e  120 C 
exper iments  t h e  v a l u e s  o f  t h e  o x i d a t i v e  p o t e n t i a l  o f  h e t e r o t r o p h s  
d u r i n g  t h e  l o g a r i t h m i c  growth phase  i s  a b o u t  3  t i m e s  lower  t h a n  
i n  t h e  18' C tests .  
I n  the m o r t a l i t y  phase  t h e  o x i d a t i v e  p o t e n t i a l  of  b a c t e r i a  
i s  a b o u t  3-10 t i m e s  lower  t h a n  i n  t h e  l o g a r i t h m i c  growth 
phase .  I t s  v a l u e s  v a r y  o v e r  a  r e l a t i v e l y  narrow r a n g e  depending 
upon the p r o d u c t i o n  o f  t h e  s u b s t r a t e  by i n t e r n a l  t r a n s f o r m a t i o n  
p r o c e s s e s  o f  n i t r o g e n  s o u r c e s .  
I n  a  s t e a d y - s t a t e  p h a s e  t h e  v a l u e s  o f  t h e  o x i d a t i v e  poten-  
t i a l  o f  b a c t e r i a ,  h e t e r o t r o p h s  a s  w e l l  as n i t r i f i e r s ,  a r e  
p r a t i c a l l y  c o n s t a n t  and t h e y  r e f l e c t  a n  e q u i l i b r i u m  s t a t e  i n  
t h e  rates of  the i n d i v i d u a l  s t a g e s  o f  t h e  c h e m i c a l - b i o l o g i c a l  
t r a n s f o r m a t i o n s  o f  Lye n i t r o g e n  compounds. The v a l u e s  o f  t h e  
o x i d a t i v e  p o t e n t i a l  i n  a s t e a d y - s t a t e  growth phase  show a l s o  
new e q u i l i b r i u m  l e v e l s  i n  the b a c t e r i a l  a c t i v i t i e s  a t t a i n e d  
a f t e r  t h e  t r a n s i e n t  o x i d a t i v e  p r o c e s s e s  o f  n i t r o q e n  c o n v e r s i o n  
are comple ted .  
The v a l u e s  o f  the o x i d a t i v e  p o t e n t i a l  of  b a c t e r i a  e s t i m a t e d  
from t h e  s i m u l a t i o n  r e s u l t s  f o r  d i f f e r e n t  e x p e r i m e n t a l  tests 
may b e  c o n s i d e r e d  as q u i t e  r e l i a b l e  s i n c e  t h e  model i s  a b l e  t o  
r ep roduce  t h e  c o n c e n t r a t i o n  changes  i n  t h e  n i t r o g e n  f r a c t i o n s  
a s  o b s e r v e d  i n  t h e  e x p e r i m e n t s .  A s  f o r  t h e  b iomasses  o f  
b a c t e r i a  and t h e  s p e c i f i c  r a t e s  o f  s u b s t r a t e  u p t a k e  by b a c t e r i a ,  
t h e s e  v a l u e s  may b e  reproduced  by model t o  a  c e r t a i n  d e g r e e  of  
a c c u r a c y  o n l y  when e x p e r i m e n t a l  d a t a  on t h e  dynamics o f  biomass 
p o p u l a t i o n  changes  a r e  a v a i l a b l e .  
One o f  t h e  i m p o r t a n t  problems o f  water q u a l i t y  s t u d i e s  i s  
e v a l u a t i o n  o f  t h e  i n f l u e n c e  of n i t r o g e n  t r a n s f o r m a t i o n  p r o c e s s e s  
on  t h e  oxygen b a l a n c e .  The model c o n s i d e r e d  i n  t h i s  r e p o r t  
g i v e s  an  o p p o r t u n i t y  t o  assess t h e  dynamics o f  oxygen as a 
r e s u l t  of n i t r o g e n  c o n v e r s i o n .  T h i s  i n f o r m a t i o n  i s  i m p o r t a n t  
f o r  a q u a n t i t a t i v e  u n d e r s t a n d i n g  o f  t h e  s e l f - p u r i f i c a t i o n  
c a p a c i t y  o f  w a t e r  b o d i e s  tha t  are p o l l u t e d  by n i t r o g e n  s o u r c e s .  
I n  t h e  l i t e r a t u r e  t h e r e  a r e  many examples  o f  t h e  a p p l i c a t i o n  o f  
d i f f e r e n t  models t o  d e s c r i b e  t h e  oxygen dynamics r e s u l t i n g  from 
n i t r o g e n  t r a n s f o r m a t i o n s  i n  n a t u r a l  waters and wastewater 
t r e a t m e n t  p l a n t s  (Downing and  Knowles, 1971; T u f f e y  e t  a l . ,  1974; 
Anderson e t  a l . ,  1976; Lopez-Bernal e t  a l . ,  1977; M i l l e r  and  
J e n n i n g s ,  1979) . 
F i g u r e  15 shows t h e  h y p o t h e t i c a l  c u r v e s  f o r  t h e  oxygen 
dynamics i n  the e x p e r i m e n t s  a c c o r d i n g  t o  t h e  d i f f e r e n t  n i t r o g e n  
c o n c e n t r a t i o n s  t r a n s f o r m e d  by b a c t e r i a .  The d e c r e a s e  o f  the 
oxygen l e v e l s  i n  t h e s e  e x p e r i m e n t s  must  b e  c a u s e d  by b a c t e r i a l  
oxygen consumption d u r i n g  t h e  o x i d a t i o n  of  o r g a n i c  and m i n e r a l  
n i t r o g e n  s o u r c e s ,  w h i l e  t h e  i n c r e a s e  depends  o n l y  o n  r e a e r a t i o n ,  
which i n  a l l  cases w a s  c o n s i d e r e d  t o  b e  s i m i l a r .  I n  t h e  s i m u l a t i o n  
r u n s  the ra te  c o n s t a n t  o f  r e a e r a t i o n  w a s  t a k e n  t o  b e  e q u a l  t o  
1.25 day-' ( S o r n b e r g e r  and Keshavan, 1973) t a k i n g  i n t o  a c c o u n t  
t h a t  a t  l a b o r a t o r y  c o n d i t i o n s  t h e  c o n t i n u o u s  a e r a t i o n  b r o u g h t  
by s t i r r i n g .  The model ing  r e s u l t s  show t h a t  f o r  h i g h  i n i t i a l  
c o n c e n t r a t i o n s  of t h e  n i t r o g e n  f r a c t i o n s  ( p r i m a r i l y  the ammonium-N) 
t h i s  c o n s t a n t  rate o f  r e a e r a t i o n  i s  n o t  s u f f i c i e n t  t o  m a i n t a i n  
t h e  a e r o b i c  c o n d i t i o n s  d u r i n g  a l l  t h e  exper iment .  T h i s  r a t e  
must t h e r e f o r e  be h i g h e r  and e q u a l  a t  least t o  3  day-' (Leonov, 
1980) . 
F i g u r e  15.  P r e d i c t e d  E f f e c t s  o f  Ni t rogen  Trans format ion  
on t h e  Disso lved  Oxygen Dynamics i n  Exper iments  1 - 1 2  
A f t e r  t h e  o x i d a t i v e  n i t r o g e n  t r a n s f o r m a t i o n  i s  completed 
t h e  oxygen c o n t e n t s  i n  exper iments  i n c r e a s e d  mainly  by r e a e r a t i o n .  
I n  t h e  w a t e r  samples  w i t h  t h e  l owes t  i n i t i a l  n i t r o g e n  concen t ra -  
t i o n s  t h e s e  oxygen c o n c e n t r a t i o n s  w i l l  be  c l o s e  t o  s a t u r a t i o n .  
P r i n c i p a l l y  t h e  l e v e l  o f  oxygen i n  t h e  f i n a l  s t e p s  of  t h e  
exper iments  shows t h e  b a l a n c e  between a l l  t h e  o x i d a t i v e  p r o c e s s e s  
o f  t h e  n i t r o g e n  s o u r c e s  d u r i n g  t h e  whole p e r i o d  s t u d i e d .  I n  
exper iments  w i t h  a  h igh  i n i t i a l  c o n c e n t r a t i o n  o f  n i t r o g e n  forms 
t h e  f i n a l  oxygen l e v e l  is  less t h a n  t h e  s a t u r a t i o n  oxygen c o n t e n t  
by 3.7 mg 0 2 / R  ( expe r imen t s  3 and 12) and 2.5 mg 0 2 / R  (exper iment  
9). 
Using t h e  model it i s  a l s o  p o s s i b l e  t o  e s t i m a t e  t h e  oxygen 
consumption by t h e  d i f f e r e n t  t y p e s  of  b a c t e r i a .  The d a t a  
p r e s e n t e d  i n  Table  15 shows t h e  dynamics of  b a c t e r i a l  oxygen 
consumption d u r i n g  t h e  o x i d a t i o n  o f  t h e  n i t r o g e n  f r a c t i o n s ,  
which i s  dependent  on b a c t e r i a l  a c t i v i t i e s .  The h i g h e s t  v a l u e s  
of  b a c t e r i a l  oxygen consumption t a k e  p l a c e  d u r i n g  t h e  l o g a r i t h m i c  
growth phase ,  a f t e r  which t h e  i n t e n s i t y  o f  oxygen consumption 
by b a c t e r i a  i s  s i g n i f i c a n t l y  dec rea sed .  However t h e  v a l u e s  o f  
oxygen consumption show t h a t  t h e  b a c t e r i a  c o n t i n u e  t o  m e t a b o l i z e  
t h e  n i t r o g e n  s o u r c e s  a f t e r  t h e  a c t i v e  s t a g e s  o f  n i t r o g e n  
t r a n s f o r m a t i o n s  a r e  completed.  A f t e r  approx imate ly  twenty  days 
of  w a t e r  i n c u b a t i o n  t h i s  i s  d i f f i c u l t  t o  e s t a b l i s h  from t h e  d a t a  
on t h e  n i t r o g e n  compound c o n c e n t r a t i o n s  because  t h e y  a r e  
dependent  on t h e  e q u i l i b r i u m  between t h e  main p r o c e s s e s  o f  
n i t r o g e n  conve r s ion  i n  t h e  w a t e r ,  such a s  b a c t e r i a l  n i t r o g e n  
u t i l i z a t i o n ,  e x c r e t i o n  o f  t r ans formed  n i t r o g e n  forms and t h e  
decomposi t ion of n o n - l i v i n g  p a r t i c u l a t e  n i t r o g e n  t o  d i s s o l v e d  
organic-N. 
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I n  a n a l y z i n g  t h e  s i m u l a t i o n  r e s u l t s  on t h e  oxygen dynamics 
it i s  c l e a r  t h a t  f u r t h e r  expe r imen ta l  s t u d i e s  a r e  needed t o  
q u a n t i f y  a c c u r a t e l y  t h e  e f f e c t s  of  n i t r o g e n  t r a n s f o r m a t i o n s  on 
t h e  oxygen ba l ance .  
Conc lus ions  
The main purpose  o f  this s t u d y  was t o  examine f u r t h e r  t h e  
n i t r o g e n  t r a n s f o r m a t i o n  model developed p r e v i o u s l y  by Leonov 
( 1 9 8 0 ) .  Because t h i s  model d e s c r i b e s  w e l l  t h e  i n d i v i d u a l  b io -  
chemical  p r o c e s s e s  i n  n i t r o g e n  t r a n s f o r m a t i o n  by non - l i nea r  
k i n e t i c s ,  it was assumed t h a t  i t s  s i m u l a t i o n  a b i l i t y  i n  t h e  
p r e d i c t i o n  o f  n i t r o g e n  compound dynamics i s  h i g h e r  t h a n  t h e  
" s i m p l e r "  f i r s t - o r d e r  models and t h a t  it may t h e r e f o r e  reproduce  t h e  
f e a t u r e s  o f  n i t r o g e n  conve r s ion  i n  a  wide v a r i e t y  of  env i ronmenta l  
c o n d i t i o n s .  The f i r s t  e x p e r i e n c e  i n  app ly ing  t h i s  model h a s  
a l lowed  us t o  i d e n t i f y  t h e  set  of  r a t e  c o e f f i c i e n t s  d e s c r i b i n g  
n i t r o g e n  t r a n s f o r m a t i o n  i n  q u i t e  d i f f e r e n t  w a t e r ,  such  a s  sewage 
(w i th  a  h i g h l y  a c t i v e  b a c t e r i a l  community),  r i v e r  w a t e r  (w i th  a  
h igh  l e v e l  o f  ammonium-nitrogen a s  a  r e s u l t  o f  t h e  r i v e r  p o l l u t i o n  
by domes t ic  and i n d u s t r i a l  was t e  p r o d u c t s )  and l a k e  and s e a  w a t e r s  
(wi th  a  n a t u r a l  l e v e l  i n  t h e  c o n c e n t r a t i o n s  o f  n i t r o g e n  fo rms ) .  
For  t h e  n e x t  s t e p  o f  model a p p l i c a t i o n  f o r  t h e  p r e d i c t i o n  
o f  f u t u r e  e v e n t s  i n  f i e l d  c o n d i t i o n s  o r  t h e  expec t ed  v a r i a t i o n s  
of  n i t r o g e n  l e v e l s  and w a t e r  q u a l i t y  i n  g e n e r a l ,  it i s  d e s i r a b l e  
t o  t e s t  t h e  mode l ' s  s i m u l a t i o n  c a p a b i l i t i e s  f o r  p o s s i b l e  r e s p o n s e s  
* 
of  a  sys tem t o  changeab le  l e v e l s  o f  n u t r i e n t s  and t empe ra tu r e .  
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These c h a r a c t e r i s t i c s  a r e  cons ide red  t o  be p r i n c i p a l  ones  i n  
r e g u l a t i n g  the r a t e s  o f  chemica l -b io log i ca l  t r a n s f o r m a t i o n  o f  
s u b s t a n c e s  i n  n a t u r a l  w a t e r s .  
I n  t h i s  c a s e  t h e  comparison o f  modeling r e s u l t s  w i t h  f i e l d  
o b s e r v a t i o n s  may g i v e  a  r e a s o n a b l e  b a s i s  f o r  unde r s t and ing  how 
w e l l  t h e  model d e s c r i b e s  a  r e a l  s e t  o f  o b s e r v a t i o n s  and t o  f i n d  
t h u s  t h e  l i m i t a t i o n  o f  t h e  model. 
The r e s u l t s  o f  t h i s  s t u d y  show t h a t  t h e  g iven  model can  
p r e d i c t  t h e  b e h a v i o r  o f  n i t r o g e n  compounds f o r  a  wide v a r i e t y  
o f  i n i t i a l  n i t r o g e n  c o n c e n t r a t i o n s :  0.71-2.24 mg N/P ( f o r  D O N ) ;  
0.3-30.3 mg N / R  ( f o r  ammonium-N); 0.014-0.55 mg N / R  ( f o r  
n i t r i t e - N ) ;  0.049-2.53 mg N / i  ( f o r  n i t r a t e - N ) .  These l e v e l s  
o f  d i f f e r e n t  n i t r o g e n  forms may occu r  i n  n a t u r a l  w a t e r s  o f  
d i f f e r e n t  o r i g i n  and p a r t i c u l a r l y  i n  t h e  S lnava  R e s e r v o i r .  The 
accuracy  i n  t h e  model s i m u l a t i o n  o f  t h e  dynamics o f  i n d i v i d u a l  
n i t r o g e n  f r a c t i o n s  a c c o r d i n g  t o  T h e i l ' s  c r i t e r i o n  is  e v a l u a t e d  
t o  b e  e q u a l  t o  0.07 ( f o r  t o t a l  N ) ,  0.119 ( f o r  n i t r a t e - N ) ,  
0.172 ( f o r  ammonium-N) , 0.22 1 ( f o r  t o t a l  organic-N) , 0.234 ( f o r  
d i s s o l v e d  organ ic -N) ,  0.330 ( f o r  p a r t i c u l a t e  organic-N)  and 
0.574 ( f o r  n i t r i t e - N )  . 
I t  i s  p o s s i b l e  t o  n o t e  t h a t  t h e  g i v e n  model s a t i s f i e s  a t  
l e a s t  two c r i t e r i a  o f  model adequacy.  F i r s t l y ,  it g i v e s  an  
a c c e p t a b l e  agreement w i t h  t h e  n i t r o g e n  c o n c e n t r a t i o n s  observed  
i n  expe r imen t s  and s econd ly  i t  shows t h e  independence o f  t h e  
r a t e  c o e f f i c i e n t s  from t h e  i n i t i a l  c o n c e n t r a t i o n s  o f  t h e  
n i t r o g e n  forms.  The r e s u l t s  a l s o  s u g g e s t  t h e  e s t i m a t e d  
t empe ra tu r e  f u n c t i o n s  f o r  t h e  i n d i v i d u a l  r a t e  c o n s t a n t s  may 
be cons ide red  a s  r e a s o n a b l e  f o r  t h e  range o f  t empe ra tu r e s  between 
12O and 180 C .  
Some a d d i t i o n a l  i n f o r m a t i o n  on t h e  b a c t e r i a l  a c t i v i t y  i n  
n i t r o g e n  conve r s ion  and on t h e  i n f l u e n c e  o f  n i t r o g e n  o x i d a t i o n  
on t h e  oxygen dynamics,  o b t a i n e d  from t h e  a n a l y s i s  o f  s i m u l a t i o n  
r e s u l t s ,  shows t h a t  t h e  model nay g ive  a comprehensive exp lana t ion  
of t h e  observed f l u c t u a t i o n s  i n  t h e  va r ious  n i t r o g e n  forms and 
may y i e l d  q u a n t i t a t i v e  e s t i m a t e s  of t h e  r a t e s  of  i n d i v i d u a l  
processes  i n  t h e  n i t rogen  cyc le .  Direct assessment of  these  
r a t e s  i n  the  f i e l d  i s  a very d i f f i c u l t  t a s k ,  because a l l  t h e  
processes  a r e  i n  ba lance  and concen t ra t ions  of  a l l  compounds 
tend t o  be a t  a s t a t e  of  dynamical equi l ibr ium.  
A s  a whole t h e  r e s u l t s  of t h i s  s tudy  show Ltlat t h e  n i t rogen  
t ransformat ion  model, examined over  a wide set  of  experimental  
cond i t ions ,  may be  used f o r  an e c o l o g i c a l  a n a l y s i s  of  t h e  
chemical-biological  p r o c e s s e s o c c u r r i n g i n  t h e  Slnava Reservoir .  
For t h i s  purpose,  t h i s  model should now be extended t o  t ake  
i n t o  account t h e  b a s i c  f e a t u r e s  of  t h i s  body such a s  i t s  hydro- 
dynamics and i t s  morphology. 
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